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Rationale for this Study 
Information on the effects of spray drying conditions on the properties of the resulting 
dried product is available in the literature for some dairy products as well as several products 
of the chemical and metallurgical industries (Hunziker, 1949; Hall and Hedrick, 1971; Kessler, 
1981). Such information, however, is lacking for soymilk or similar soy-based suspensions. 
Soymilk is considered a nutritional alternative to cow's milk because of its lower 
production costs and high nutritional value (Caric, 1994). Markley (1951), De (1979), and 
Snyder and Kwon (1987) are some of the researchers reporting on the use of soy flours as food 
ingredients to deliver desirable quality properties at a reduced cost. This study evaluates the use 
of spray dryers to transform liquid soymilk into powders. Spray drying the soymilk increases 
soymilks shelf-life, and reduce storage and transportation costs. Soy powders produced by spray 
drying soymilk could also be, in some products, a substitute for the traditional soy flours 
obtained by ectrusion of soybeans. Evaluation of these benefits, however, are outside the scope 
of this research study. 
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Objectives of the Study 
The objectives of this research study were as follows: 
1. To determine the effects of spray drying parameters on proximate composition 
of the dried soymilk 
2. To determine the effect of spray drying parameters on the quality properties of 
the dried soymilk 
3. To determine the effect of spray drying parameters on the storability of the dried 
soymilk. 
4. To determine experimental mean particle size diameter of spray dried soymilk 
using conventional Ro-Tap* sieving and ultrasonic sieving methods 
5. To analyze data using various algorithms reported in literature to determine 
a representative experimental particle size diameter 
6. To compare these experimental values with particle size estimates obtained 
from empirical equations reported in the literature 
7. To compare data collected from spray dryer nms against the "ideal spray drying 
psychrometric process" 
8. To establish relationships among various spray drying parameters measured 
9. To calculate spray drying process efiBciencies 
10. To present a review of spray dryer simulations reported in the literature 
11. To offer a view on future perspectives in modeling and control of spray dryers 
3 
Limitations of the Study 
This study is limited to the evaluation of the above mentioned objectives using the co-
current spray dryer located in the Wet Pilot Plant of the Center for Crops Utilization Research 
at Iowa State University. It is not intended to be a process or product quality optimization effort. 
Soybeans used for preparation of soymilk were of the Vinton 81 variety, thus, the eflfect 
of soybean variety on the proximate composition, processing, or final properties of the dried 
product will not be considered. An economic assessment of the storability and shelf life of the 
dried soymilk, eflBciency of the process, and production costs are not presented. An analytical, 
sensory or otherwise evaluation of the use of spray dried soymilk as a substitute for the 
traditional soy flours obtained by extrusion of soybeans is beyond the scope of this study. 
Dissertation Organization 
This dissertation is written following the paper format. Each chapter is self-contained and 
includes corresponding literature reviews, figures, tables, appendices, references, and other 
information as appropriate. Complete raw data sets are included in appendices at the end of the 
document. 
Objectives 1,2 and 3 are addressed in Chapter 2. This chapter was submitted in part for 
publication in the Journal of Food Science. Particle size of spray dried soymilk (objectives 4, 
5, and 6) is covered in Chapter 3 and will be submitted in part for publication in the 
Transactions of ASAE. Chapter 4, accepted in part for publication in the international journal 
4 
Drying Technology (1997,15(3)), covers objectives 1, 8, and 9. The last two objectives (10 and 
11) are covered in Chapter 5. The final chapter (6) summarizes the conclusions of this study and 
offers recommendations for fiirther study. 
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CHAPTER 2 
EFFECT OF SPRAY DRYING PROCESSING PARAMETERS ON SOYMILK 
CHARACTERISTICS 
Submitted in part to \htJoimial of Food Science 
Fernando Perez-Munoz and Rolando A Flores 
Abstract 
An experiment was designed to determine the effect of spray drying parameters on the 
proximate composition and properties of soymilk. Factors included in the experimental design 
were; inlet hot air temperature (255, 265 and 275 °C), feed pumping rate (0.38 and 0.57 Lpm), 
and rotary atomizer speed (19300 and 26800 rpm). Variation in proximate composition (protein, 
fet, and ash) of the product could not be explained by changes in dryer operating conditions. The 
average powder pH was 6.64 (standard deviation 0.10) which is very close to the 6.4 to 6.6 range 
reported in literature. Powder pH increased with increasing liquid feed temperature and 
decreasing holding temperature of the powder. Effects of process parameters on storability were 
studied at six, thirteen and twenty days, and sbc and twelve months after drying. Insolubility 
index and L, a, and b color values of the dried soymilk correlated well between weeks (i.e. r > 
0.80). Product insolubility showed dependence upon outlet temperature and pumping time, but 
erratic trends over time appeared unpredictable. Yellowness (b) and lightness (L) of the dried 
soymilk correlated well with dryer atomizer speed. Yellowness data, however, showed no 
significant difference among treatments; even when variations over time where considered. 
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Lightness data, on the other hand, was found to be a fiinction of storage time and atomizer speed 
and could be predicted to within ±1.0% error. 
Introduction 
As the insufficiency of food supplies prevails in poor and developing countries, 
alternative food sources must be investigated and revisited. For many years now, soymilk has 
been considered an alternative to coVs milk because of its lower production costs and high 
nutritional value (Caric, 1994). These characteristics make soymilk specially appealing in areas 
where there are no cattle or milk production is low or non-existent. 
Many dairy product analogs containing vegetable oils and sodium caseinate have also 
been developed in recent years. Soy protein's great emulsifying capabilities make it ideal for 
these type of products; ranging from infant formulas to frozen desserts (Snyder and Kwon, 
1987). Soy products used for the manufacture of such commodities could be obtained by spray 
drying soy dispersions with the desired properties. De (1979), for example, reported protein 
isolates production by spray drying filtered and concentrated soy slurries. Such slurries were 
protein extractions from oil-free soy meal in water at about pH 9.0. 
In the same feshion, soy slurries could be prepared to produce defatted, low, high or full 
fat flours. Dried products could be used in place of the traditional soy flours currently used in 
the manufacture of meat and baked goods. Use of soy flours in these industries is instrumental 
in delivering the desirable food properties at a reduced cost (Markley, 1951; De, 1979; Snyder 
and Kwon, 1987). 
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Information on the effects of spray drying conditions on the properties of the resulting 
dried product is available in the literature for some dairy products as well as several products 
of the chemical and metallurgical industries. Such infonnation, however, is lacking for soymilk 
or similar soy-based suspensions. 
Objective 
The purpose of this work was, then, to obtain information on the influence of spray 
drying processing conditions on the proximate composition and quaUty properties of soymilk. 
Review of Literature 
The review of literature is divided into three sections; soymilk, soy flours, and effect of 
processing on quality of product. First, a definition of soymilk is provided to enable a better 
understanding of the feed used for the study. A description of the traditional soymilk production 
process as well as soymilk's nutritional importance are also included. 
The liquid soymilk was spray dried to produce dried soymilk powder. This powder 
resembles soy flour. The section on soy flours reports on the production and composition of soy 
flours and their importance in food products. A comparison is also included on the proximate 
composition of soy flours and dried soymilks. 
The third section presents information on the effea of spray drying processing conditions 
on the residual moisture content, insolubility, and color of COAV'S milk. This information is used 
as the basis for comparison of the data collected during soymilk spray drying. 
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Sovmilk 
Soymilk is the aqueous suspension of soluble solids extracted from ground soaked 
soybeans. Traditional production of soymilk as reported by Wilson (1995) starts by soaking the 
soybeans overnight in water at a ratio of one kilogram of soybeans in ten liters of water. Beans 
are then ground with additional water to produce a slurry which is boiled and stirred for 15 to 
30 minutes. The heat treatment improves the nutritional value and quality of the soymilk by 
inactivating trypsin inhibitors and reducing the microbial load. Flavor is also improved as 
heating inactivates lipoxigenase and volatilizes a portion of the off-flavor compounds. Finally, 
the slurry is filtered to separate the insoluble residues or okara firom the soymilk. 
Originally, production of soymilk was to a great extent an intermediate process in the 
production of soy curd or tofii (De, 1979). Production process improvements as well as 
developments in packaging technology, however, have greatly increased the consumption of 
soymilk as a beverage. Another factor influencing the demand for soymilk has been the 
marketing campaign which advertises soymilk as a nutritious and healthfiil product (Haumarm, 
1984). 
Soybeans are greatly valued in the food industry as both oilseeds and great sources of 
high quality protein meal. Hurburgh (1994) reported on the average composition of soybeans 
by region in the U.S. for the period between 1986 and 1993, inclusive. He noted year to year 
composition to be fairly consistent at about 34 to 38% protein and 17 to 20% oil on a 13% 
moisture basis. 
Wilson et al. (1992) reported that about 51% of the fatty acids in the oil are unsaturated 
(18:2) linoleic acid. Linoleic acid has been linked to decreases in blood cholesterol due to its 
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high degree of unsaturation. Other nutritionally important compounds present in soybeans 
include vitamin Bl, B2, B6 and E, goitrogenic substances, isoflavones (believed to be 
anticarcinogenic (Xu et al, 1994)), saponins, and hemagglutinins (Wilson et al., 1992). 
A significant portion of the soybean meal produced is used for animal feed. According 
to Asbridge (1995) only about 2% of the 23.9 million tons of soy protein meal produced in 1993 
were used for edible protein products in the United States. The amino acid balance of soy protein 
is comparable to that of animal protein from a human nutrition perspective (Wilson et al., 1992). 
Montero-Rojas and Mata-Montero (1988) made a comparison between soy and various other 
sources of protein and stressed it's nutritional importance as animal protein substitute for low 
income populations. 
The soluble nutrients in soybeans can be extracted into an aqueous solution called 
soymilk. The extent of mass transfer from beans into solution have been found to depend on 
factors such as: temperature of extraction and grinding, water-to-bean ratio, time and 
temperature of cooking, temperature of residues wash water, number of times the residues were 
washed, how dry the residues were pressed, how fine the beans were ground, and time and 
storage conditions of the soybeans (Haumaim, 1984; Thomas et al., 1989). Furthermore, under 
similar processing conditions, different soybean varieties yielded soymilks with different 
chemical compositions (Rahardjo et al., 1994). 
Table 2.1 presents a comparison of the dry basis chemical composition between soymilk, 
cow's milk, and human milk. The table shows the fat content in all three fluids to account for 
about one fourth of the total solids. Protein content, however, varies greatly. Soymilk protein 
accounts for about 40% of the total solids; roughly one and a half times the amount of protein 
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in cow milk and over three times that in human milk. According to Snyder and Kwon (1987), 
the amino acid composition of soybean protein complements that of cereals because of its high 
lysuie content. Soybeans, however, are limiting in sulfur containing amino acids which are 
essential for humans and many other animal species. 
The nutritional characteristics of soymilk, along with relatively simple and inexpensive 
production processes, make soybeans a very valuable good for developing countries. Caric 
(1994) states that "two-thirds of the world's population live where there is no cattle and milk 
production; imitation milk products may help to alleviate their need." Drying soymilk into a 
powder can significantly appreciate the value of the product as the dried powder shall have 
lower transportation and storage costs as well as longer shelf life. 
Sov flours 
Asbridge (1995) cites "favorable agronomic characteristics, reasonable returns to the 
farmer and processor, high-quality protein meal for animal feed, high-quality edible oil products, 
and the plentifiil, dependable supply of soybeans at a competitive price" as some factors 
influencing the high value of soybeans in the world market. 
After removal of the crude oil, typically by a hexane extraction, soybean flakes are 
desolventized, toasted and ground to obtain defatted soy flours and grits (Witte, 1995). 
According to Lusas and Rhee (1995) these products will contain about 56 to 59% protein on a 
moisture firee basis and can be refated (or relecithinated) by adding back some of the fat (or 
lecithin) as the specific application so requires. Full fat soy flour can also be obtained by milling 
dehuUed soybeans to the specific particle size. 
The Protein Advisory Group (PAG) of the Food and Agriculture Organization of the 
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United Nations (FAO) defined soy flour as "the screened and graded product obtained after 
expelling or extracting most of the oil fi^om selected, sound, clean, dehuUed yellow soybeans as 
defined in the U. S. Grain Standards Act. Full-fat soy flour is, however, prepared without 
subjecting the beans to expelling or extraction and contains all of the oil originally present in the 
soybeans" (De, 1979). PAG fiirther classified commercially available soy flours as follows (De, 
1979): 
• defatted soy flour - less than 2% residual oil after hexane extraction 
• low-fat soy flour - 5 to 6% oil content obtained by partial extraction or addition of 
previously extracted oil 
• high-fat soy flour - obtained by adding back up to 15% of extracted oil 
• fiill-fat soy flour - oil not extracted before production of the flour 
• lecithinated soy flour - obtained by addition of lecithin (up to 15%) to defatted soy flour 
Table 2.2 shows the market standards for proxunate composition of some soy flours and 
dried soymilks. Soy flours have been used for many years in beverages, meat products and baked 
goods. Their influence in the functional properties of these products have been extensively 
studied and doamiented. Markley (1951), Snyder and Kwon (1987), and Erickson (1995) 
include extensive reviews of the Uterature on this subject and mention solubihty, water 
absorption and binding, viscosity, cohesion-adhesion, emulsiflcation, fat absorption, and color 
control as some of the functional properties affected by soy flours on such products. 
Literature on the use of spray dried soymilk as a substitute for traditional soy flours is 
limited. Snyder and Kwon (1987) reported that spray dried soymilk can be "used similarly to dry 
milk solids from cow's milk". Wilson (1995) and Wilson et al. (1992) mentioned that spray 
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drying can make soymilk more shelf-stable. The dried powder "is often used in confections, 
meat fillers and beverages" (Wilson, 1995 pp 433). Rahardjo et al. (1994) reported a 50 to 60% 
fat content reduction and 41% less caloric content in pork sausage patties containing 3% spray 
dried soymilk. Furthermore, addition of the spray dried soymilk improved the textural properties 
of the patties without producing flavor changes. It also increased the protein content and cooking 
yield of patties. 
Effect of processing on quality of product 
Information on the effect of spray drying conditions on proximate composition and 
properties of the dried soymilk is lacking in the literature. Some information is available, 
however, on the properties of spray dried cow's milk (Huimker, 1949; Hall and Hedrick, 1971; 
Kessler, 1981; Caric, 1994). Such results will be presented in this section to be used as a 
reference for comparison. No data were found on the influence of processing on the proximate 
composition of dried products for properties other than moisture content. 
Moisture content. Caric (1994) reported the final moisture of dry cow's milk to range 
between 2.5 and 4%. Reduction of residual moisture content of the powder can be obtained by 
increasing outlet air temperatures, decreasing feed pumping rates and increasing drying or 
residence time (Kessler, 1981). 
Insolubility. According to Hunziker (1949) cow's milk powder solubility is a function 
of the stability of the casein suspension instead of true molecular solubility. Caric (1994) 
contends that insolubility of the powder is a consequence of protein denaturation. Thus, product 
insolubility is related to low nitrogen solubility index (NSI) or protein dispersibility index (PDI). 
Protein denaturation is, in turn, affected by the intensity and duration of the heat treatment and 
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chemical changes resulting from high residual moisture content of the particles (Hall and 
Hedrick, 1971). Kessler (1981) suggests to decrease outlet air temperature and solids content of 
the feed as means to reduce insolubility. Protein denaturation of spray dried cow's milk is low, 
but increases with feed preheat treatment and prolonged exposure to high temperatures during 
drying (Hall and Hedrick, 1971). 
Color. Cow's milk drying is followed by Maillard's browning reactions. The extent of 
browning depends on the intensity of the heat treatment (Caric, 1994). Browning is, in general, 
attributed to caramelization of lactose or reactions between free amino acids and reducing sugars 
(Maillard reaction). Hunziker (1949) sustains that Maillard browning reduces solubility and pH 
of the powder, however, spray drying induced browning is negligible. Furthermore, "any 
darkening of spray dried powder may be expected to be confined to conditions of storage, such 
as high moisture content of the powder, high relative humidity of the air, high temperature of 
storage, and age" (Hunziker, 1949). 
Materials and Methods 
Sovmilk preparation and drying 
Soymilk was prepared and dried at the Wet Pilot Plant of the Center for Crop Utilization 
Research at Iowa State University. Nichii Corporation (Jefferson, Iowa) provided beans and 
flakes of the Stine 201 variety (1993 harvest season) for preparation of the soymilk. 
An Automatic Soymilk Plant (Takai Tofli & Soymilk Equipment Co., Ishikawa-ken 921, 
Japan) was used to prepare the soymilk. The preparation method was similar to that described 
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in Wilson (1995). A flow diagram of the soymilk preparation process from beans or flakes is 
shown in appendix 2-A. Soymilk batches were prepared from 3 kg of soy and 40 liters of water 
and stored in covered stainless steel containers at 5°C for-five days before drying. 
An APV (APV Crepaco, Inc., Attleboro Falls, MA) concurrent spray dryer model V-
6819, equipped with a rotary atomizer was used for drying the soymilk. The dryer's operating 
point was established by selecting desired levels of inlet hot air temperature, atomizer speed and 
pimiping rate. The first two variables, air temperature and atomizer speed, were adjusted directly 
on the dryer's control panel and maintained by the dryer's internal controller. 
Selection of the pumping rate was done directly on the feeding system's peristaltic pump 
(Masterflex - Barrington, E- - model 7520-00 with 7021-26 head). This pump was completely 
independent of the diyer's controller and required calibration before the beginning of each run. 
The pump calibration was accomplished using a 0.38 to 3.8 Lpm (0.1 to 1.0 gpm) rotameter 
(Cole-Palmer, Model No. G-03248-56, Niles, IL). The rotameter was installed to measure the 
outflow of the pump. Cahbration was performed by adjusting the pump speed dial and visually 
checking the rotameter for the desired flowrate. 
The dryer was operated according to the manufacturer's instructions (APV, 1993). 
Distilled water at 25 ± 2 " C was used as feed for start up and shut down operations. 
Experimental desism 
Inlet hot air temperature (255,265 and 275 "C), rotary atomizer speed (19300 and 26800 
rpm), and feed pumping rate (0.38 and 0.57 Lpm) were the three factors included in the design 
of a 3*2*2 factorial experiment (table 2.3 and appendbc H). Selected settings were based on 
experience obtained from pilot runs. All twelve treatments were randomized and replicated twice 
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over a period of eight weeks (October 4 to December 15, 1995). 
At the 0.57 Lpm pumping rate, only two out of the twelve trials (six treatments on each 
of two replications) were feasible. For the remaining ten trials, wetting of the drying chamber's 
walls occurred. Wetting of the drying chamber is detrimental to the drying process. The lack of 
information from the unfeasible treatments forced the data to be analyzed as a gathered from a 
completely randomized design with fourteen treatments. 
Data coUeaed during spray drying runs included: dry and wet bulb temperatures of inlet 
air, dry and wet bulb temperatures of exhaust air, product collection bucket temperature, feed 
tank temperature, atomizer speed, inlet and outlet hot air temperatures (dry bulb), air velocity 
pressure at the ©diaust pipe, weight of collected product and chamber residue, depth of chamber 
residue, and electrical power consumption. 
Measured feed properties were; density, pH, percent solids, and color. Proximate analysis 
(protein, fat, ash, and moisture), nitrogen solubility index (NSI), color and insolubility tests were 
performed on the collected product. 
Feed properties 
Measured properties of the liquid soynailk included density, percent solids content, pH 
and color. Density was calculated from the weight of liquid contained in a constant volume (83.2 
ml) stainless steel specific gravity cup (Cole-Palmer Instrument Company, model G-38000-12, 
Niles, IL). Percent solids in the soymilk was determined using a refractometer (Milton Roy 
Company, Acton, MA, model no. 33-46-10). An OMEGA PHB-62 pH meter (OMEGA 
Engineering, Inc., Stamford, CT) was used for pH determination. All measurements were done 
after allowing the slurry to equilibrate to the room temperature (25 ± 2° C). 
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Color determination was performed using a LS5100 HunterLab Colorimeter (Hunter 
Associates Laboratory, Inc., Reston, VA). The colorimeter was equipped with a one centimeter 
aperture disk and configured for northern daylight light and 10° observer. Three measurements 
of each sample were taken and L, a and b values were recorded. 
Product analysis 
Proximate analysis. Proximate analysis of finished product was performed for the 
various treatments. Official methods were utilized for determination of sample's moisture 
content (A_O.C.S. Be 2-49, 1973), fat content (A.A.C.C. 30-25, 1991), ash content (A.O.C.S. 
Be 5-49, 1973), nitrogen solubility index (NSI) (A.A.C.C. 46-23, 1982) and protein content 
(A.A.C.C. 46-11 A, 1985). The catalyst used for protein content determination provided 16.7 g 
K2SO4, 0.01 g CUSO4, 0.6 g TiO, and pimiice. Each test was done in triplicate. Product pH was 
measured on the samples prepared for nitrogen solubility index determination. 
Storability. Storability of the produa was monitored by measuring its color and 
insolubility. Measurements were taken six, thirteen and twenty days, and six and twelve months 
after drying. Color determination was performed as indicated before for the determination of the 
feed properties. 
A procedure similar to International Dairy Federation (IDF, 1986) provisional method 
129:1985 was used for determination of dried product insolubility. A sample was prepared by 
adding 13 ± 0.5 g of the spray dried soymilk to 100 ± 1 mL of distilled water at 25 i 1 °C. A 
Sears Counter Craft blender (Sears Roebuck and Co., model 400.829005) set to 5 (37,000 = 
1000 rpm) mixed the sample for 90 = 1 seconds. The sample was immediately removed from the 
blender and allowed to rest for approximately 10 minutes. 
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Supernatant foam was removed after the resting period using a plastic spoon. The 
remaining liquid sample was used to fill a 50 mL graduated test tube (Fisher Scientific, model 
05-525, Pittsburgh, PA) which was centrifiigated (Ivan Sorvall, Inc., model RC2-B, Newtown, 
CN) for about 5 minutes at 1500 ± 250 rpm (272xG). After centrifiigation, the liquid phase of 
the sample was separated from the precipitate and discarded. The milliliters of precipitate 
remainmg in the tube were measured and reported as the insolubility index. 
Results 
Table 2.4 summarizes data on the properties of the soymilk. Missing data on this and all 
other tables were due to equipment unavailability and are represented by a dash (-). Average 
values for the proximate composition of the okara resulting from the soymilk production process 
is presented in appendix 2-B. Data in appendix 2-B was not utilized in this study but is included 
for the benefit of fixture research activities in this area. 
The proximate composition and properties of the dried soymilk are shown in tables 2.5 
and 2.6, respectively. Color measurements on table 2.6 were taken 24 hours after spray drying 
was completed. Color and insolubility data collected 6 days, 13 days, 20 days, 6 months, and 12 
months after storage are summarized in tables 2.7a, 2.7b, 2.7c, 2.7d, and 2.7e, respectively. 
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Discussion of Results 
Effect of processing conditions on the final product 
Proximate composition. No significant correlation was found between the proximate 
composition, other than moisture content, and any other processing parameter measured. The 
implication of this finding is that the proximate composition of the dried soymilk is independent 
of the dxyer settings fisr the operating conditions included in this study and the treatments tested. 
A 
It must be said, however, that proximate composition of dried soymilk (table 2.5) with the 
various treatments were indeed significantly different (P < 0.1). The observed variability of the 
data could be a consecuence of the inherent variability of the soymilk preparation process. 
Product moisture content ranged fi"om 2.67% to 6.27%, with an average of 4.32%. Such 
range is somewhat higher than the 2.5% to 4.0% range given by Caric (1994) for cow's milk. 
The range is, however, below the 10.0% limit cited by Lusas and Rhee (1995) for fiiU-fat dried 
soymilk (table 2.2). Lusas and Rhee (1995), however, do not indicate the characteristics of the 
raw beans or the variety. 
Product residual moisture (figure 2.1) content did not correlate well with outlet hot air 
temperature (r = -0.21) or feed pumping rate (r = 0.18) as suggested by Kessler (1981). A 
possible explanation for these results is that fiirther moisture transfer occurred either while the 
product was being held inside the collection bucket or during the 24 hour storage period prior 
to residual moisture determination. 
Spray dried soymilk properties. Properties of the dried soymilk (table 2.6) were also 
affected. In this case, good correlation values were obtained with the processing parameters. The 
average powder pH was 6.64 (standard deviation 0.10) which is very close to the 6.4 to 6.6 range 
reported in Snyder and Kwon (1987). Powder pH showed a coefficient of determination of 0.82 
with the product temperature in the collection bucket. Product pH was also correlated to liquid 
feed (tank) temperature (r = -0.95). These results suggest the acidity of the product increases 
with increasing liquid feed temperature and decreasing final (or holding) temperature of the 
powder (figure 2.2). 
The NSI, which is the ratio of the soluble protein to the total protein content in the 
sample, correlated well (r = 0.90) with the percent soluble nitrogen (protein) of the dried sample. 
This finding, though apparently trivial, has an important implication. It suggests that protein 
solubility was significantly affected by the processing conditions included in the study; even as 
the total protein content of samples was not constant. 
NSI was also correlated to the feed tank temperature (r = -0.84) and pH of the dried 
product (r = 0.83). The feed tank temperature ranged between 7.42 and 16.53° C. A possible 
explanation for the observed relation among the NSI and this temperature is that the lower initial 
feed temperature resulted in a lower final (product) temperature after drying (figure 2.3). 
Consequently, the extent of protein denaturation, thus, the loss of protein solubility, would be 
reduced. Such explanation is supported by the r = -0.83 correlation found for percent soluble 
nitrogen and the feed tank temperature. Furthermore, the feed temperature was found to be 
important for the estimation of the final product temperature, as will be discussed in chapter 3. 
The correlation coefficient between the feed and product temperatures was -0.55. Based 
on the above discussion on protein solubility, this value is rather unexpected as lower initial feed 
temperatures should result in lower product temperatures. This discrepancy could be explained 
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by noticing the collection bucket temperature, as used in this analysis, is the temperature at 
which the product is being held in the bucket. This holding temperature is not necessarily the 
same as the product temperature immediately after drying. 
The relation among product pH and NSI (r = 0.83), as well as that between pH and 
percent soluble nitrogen (r = 0.73), were not unexpected for the pH range observed in this study 
(figure 2.4). It is well documented in literature that increasing the pH above the isoelectric point 
of 4.5, all other conditions equal, will result in an increase in soy protein solubility (Snyder and 
Kwon, 1987; Erickson, 1995). 
Effect of storage. Both measurements on the storage quality of the resulting powder 
(i.e. insolubility and color) correlated well between weeks and exhibited significant correlation 
with some dryer operating conditions. Insolubility data of spray dried soymilk, however, 
exhibited unpredictable trends over time for most treatments (figure 2.5). Such an erratic 
behavior could not be explained by any one or combination of the measured parameters of the 
dryer. 
Dried soymilk insolubility for the five storage periods (sbc, thirteen, and twenty days, and 
six and twelve months) tested correlated well with outlet temperature (r = 0.75, 0.77, 0.76, 0.63, 
0.69) and pumping time (r = 0.79, 0.87, 0.96, 0.78, 0.75). As mentioned before, powder 
solubility depends on the stability of the protein suspension (Hunziker, 1949). An increase in 
either or both these parameters cause the product to be exposed to more severe heat conditions 
during drying; which, in turn, increases protein's susceptibility to denaturation. Denatured 
protein will, in turn, be less soluble; making the powder more insoluble. Insolubility of the 
stored product did not correlate to the collection bucket temperature. 
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According to Kessler (1981) insolubility (of spray dried cow's milk) can be affected by 
changes in outlet hot air temperature and solid content of the feed. Collected insolubility data 
showed a stable correlation around 0.76 with outlet temperature for the study period. These 
results are in accordance to Kessler's suggestion (figure 2.6). Percent solids in the feed, however, 
did not correlate well with insolubility of the stored powder. Obtained correlation values were 
0.58,0.42, 0.41, 0.48, and 0.41 for 6 days, 13 days, 20 days, 6 months, and one year after drying, 
respectively. 
To the naked eye, the dried powder was consistently lighter than the feed. This color 
difference is greatly influenced by the concentration and phase of the feed versus the dried 
product which affects the optical properties responsible for color (i.e. transmission, reflection 
and absorbance). Color changes due to drying were expected to be caused by concentration 
effeas and, thus to correlate to the initial feed color. Product color, however, did not correlate 
with feed color as shown in figure 2.7. Reason for the color deviations were not identified but 
may result fi-om oxidation, browning or other reactions induced by the heat treatment. 
After drying, the product was stored in clear plastic bags (2 mil) at 2.8° C (37°?). No 
special protection against light exposure was provided. L, a, and b color values among weeks 
remained within two points of the initial reading for the sbc month storage period. A trend to 
deviate firom the initial color was observed (figure 2.8). In general terms, L data for the same 
treatment exhibited a slight increase (less than 0.5 points) during the first three weeks of storage 
before decreasing to the lower sixth month and one year values. In contrast, b slightly lessen 
during the first few weeks before raising to the sbc month and one year values. 
The yellowness (b) and lightness (L) of the powder correlated well with the atomizer 
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speed (r = -0.88 and r = 0.90, respectively). An increase in atomizer speed produces a decrease 
in particle size (Masters, 1972). As particles get smaller, scattemess of incident light is 
increased. The result is an increase in the perceived whiteness of the product. 
Analysis of these storage color data, however, showed no significant difference (P < 0.5) 
among treatments in yellowness, but lightness, of the dried soymilk. A regression line was then 
fitted (equation 2.1) to estimate lightness of the product as a fiinction of storage time (ST, in 
days) and dryer processing parameters (i.e. inlet hot air temperature. Tin in K; atomizer speed, 
0) in rpm, and pumping rate, Q in Lpm). 
L = -2.71£-3 X ST 
+ 1.477£-4 X 0) (2.1) 
+ 87.918 
Equation 2.1 has a coeflBcient of determination (R^) of 0.75 and standard error of the 
estimates of 0.35. Lightness estimates using equation 2.1 were within 1.0% of collected storage 
data. Somewhat better coefficient of determination (R^ = 0.78) and standard error of the 
estimates (0.33) were obtained with an equation of the form of 2.1 by replacing the atomizer 
speed by the ratio of atomizer speed over inlet temperature. Such an equation suggests an 
increase in non enzymatic browning with increases in the drying temperature. Differences 
among the estimates provided by both equations were in the hunderth decimal place. 
Although differences among treatments showed not to be significant, the apparent 
decrease in yellowness with increased atomizer speed could also be explained as a particle size 
reduction and its consequential increase in scattered light. Decrease in yellowness (b), however, 
implies a more gray colored product; which is considered decrease in quality for soy flours (De, 
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1979). Such color change might result from a chemical reactions during drying (i.e. fats 
oxidation, browning). 
Summary of Results 
Residual moisture content of the product was consistently below the 10.0% limit cited 
by Lusas and Rhee (1995) forfiill-fat dried soymilk (table 2.2). Residual moisture data collected 
in the study did not supported the relations with outlet hot air temperature and feed pumping rate 
suggested by Kessler (1981). 
Rehydrated soymilk powder pH averaged 6.64; very close to the 6.4 to 6.6 range reported 
by Snyder and Kwon (1987). Soymilk powder pH was related to collection bucket temperature 
(r = 0.82), liquid feed temperature (r = -0.95), NSI (r = 0.83), and percent soluble nitrogen of the 
powder (r = 0.73). The later two relations are in accordance with literature reporting increases 
in soy protein solubility with increases in pH (Snyder and Kwon, 1987; Erickson, 1995). 
Collected data also showed a relation between dried product NSI and feed tank 
temperature. This result suggested that lowering the initial feed temperature decreased the final 
temperature of the dried product, thus, reducing the extent of heat induced protein denaturation. 
This hypothesis was supported by the r = -0.83 correlation between percent soluble nitrogen and 
feed temperature, but not by the r = -0.55 between feed and product temperatures. 
Product color and insolubility characteristics correlated well between weeks. Significant 
correlations were also found between these properties and dryer operating conditions. Product 
insolubility was related to collection bucket temperature (r = -0.91) and feed tank temperature 
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(r = 0.96). The erratic trends over time, however, made the insolubility of spray dried soymilk 
an unpredictable storage characteristic for this study. Lightness (L) of stored spray dried soymilk 
related to atomizer speed (r = 0.90) and could be estimated within ±1.0 by equation 2.1 
Conclusions 
Inlet hot air temperature and atomizer speed were not found to affect proximate 
characteristics of spray dried soymilk for the ranges considered in this study. Product pH and 
percent soluble nitrogen were correlated to either feed tank temperature, collection bucket 
temperature or both. 
Both measurements of storability, color and insolubility, were found to deviate from the 
initial values over time for the one year storage period. Atomizer speed was related to the 
lightness (L) of the dried product while other color properties (i.e. a and b) appeared not to be 
effected by the various treatments. Spray dried soymilk insolubility, on the other hand, exhibited 
an unpredictable trend over time 
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Table 2.1. Chemical composition of soymilk, cow milk, and human milk (dry basis)' 
Component'' Soymilk Human milk Cow milk 
Protein (%) 40.0 11.9 25.4 
Fat (%) 22.2 26.3 28.9 
Carbohydrates (%) 32.2 60.2 39.5 
Ash (%) 5.6 1.7 6.1 
Calcium (mg) 15.0 35.0 100.0 
Phosphorus (mg) 49.0 25.0 90.0 
Sodium (mg) 2.0 15.0 3.0 
Iron (mg) 12.0 0.2 0.1 
Vitamin B1 (mg) 0.03 0.02 0.04 
Vitamin B2 (mg) 0.02 0.03 0.15 
Niacin (mg) 0.5 0.2 0.2 
* Data adapted from Montero-Rojas and Mata-Montero (1988). 
Amount of component per 100 grams of moisture free sample. 
Table 2.2: Soy flour composition standards and composition of dried soymilk (% dry basis) 





Protein'^ 40.0 (min.) 45.0 (min,) 50.0 (min.) 38.0 48.0 
Fat 18.0 (min.) 4.5 (min,) to 9.0 
(max.) 
2.0 (max.) 18.0 9.0 
Fiber 3.0 (max.) 3.3 (max.) 3.5 (max.) n.r.'' n-r.** 
Ash 5.5 (max.) 6.5 (max.) 6.5 (max.) 7.0 (max.) 5.0 (max.) 
Moisture' 8.0 (max.) 8.0 (max.) 8.0 (max.) 10.0 (max) 5.0 (max.) 
Other*^ 33.5 36.2 to 40.7 38.0 35.0 33.0 
" Source: De (1971), 
Source: Lusas and Rhee (1995). 
" Protein content estimated as N*6,25 for the soy flours. Such information was not provided by Lusas and Rhee (1995) for 
the dried soymilk. 
'' Lusas and Rhee (1995) reported no data on fiber content of dried soymilk. According to Wilson (1995), however, the fiber 
content of soymilk is negligible. 
" Moisture content in percent dry basis is calculated as grams of moisture per grams of dry solids times 100. 
^ Amount obtained by substraction of components other than moisture. 
min. = minimum 
max. = maximum 














Table 2.3. Implementation of experimental design 
Inlet hot air temperature (° C) Atomizer speed (%) Pimiping-rate (%) 
265 60 40 
265 80 60 
265 60 60 
255 60 60 
255 60 40 
265 80 40 
255 80 60 
255 80 40 
275 80 60 
275 60 60 
275 60 40 
275 80 40 
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Table 2.4: Soymilk properties 





1 1 10.3 6.58 1.0237 - - -
2 7.4 6.70 1.0080 82.63 -1.27 12.22 
2 1 10.3 - - - - -
5 1 10.4 6.66 1.0129 80.79 -1.23 15.27 
2 7.4 6.66 1.0085 76.36 -2.35 9.98 
6 1 10.4 6.67 1.0196 80.89 -1.54 15.43 
2 8.1 6.64 1.0070 78.68 -2.21 14.74 
3 8.5 6.66 1.0140 77.30 -2.09 14.57 
8 1 7.8 6.73 1.0100 - - -
9 1 7.1 6.31 1.0085 - - -
11 1 8.0 6.73 1.0080 81.89 -1.78 12.43 
2 - 6.61 1.0097 81.81 -0.91 12.63 
12 1 8.5 6.71 1.0133 77.82 -2.25 14.75 
2 - 6.63 1.0145 78.05 -2.44 15.19 
" Missing treatments were not feasible and no data were collected. 
^ Measurements taken at 25° C. 
- Missing data. 
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Table 2.5. Proximate composition of spray dried soymilk (% dry basis) 
Treatment* Replicate Protein'' Crude fat Ash Moisture Carbohydrates' 
1 1 47.13 12.42 5.13 2.67 35.32 
2 48.65 12.58 4.72 4.82 6.40 
2 1 48.46 14.24 5.53 6.27 31.77 
5 1 42.38 18.36 4.72 4.93 34.53 
2 - 16.99 4.18 5.55 -
6 1 42.68 14.40 5.18 3.63 37.73 
2 54.20 8.68 4.21 5.15 32.92 
3 - 13.69 6.72 3.52 -
8 1 - 6.58 5.96 2.77 -
9 1 - 9.15 5.65 2.77 -
11 1 
2 
46.81 20.21 5.24 4.71 27.75 
12 1 
2 
43.11 15.25 5.78 5.15 35.86 
* NCssing treatments were not feasible and no data were collected. 
'' Protein fraction obtained as N*6.25. 
Carbohydrate portion obtained by substraction. 
- Nfissing data. 
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Table 2.6. Properties of spray dried sojnoiilk 
Treatment Replicate pH^ Soluble N (%) NSI L 
CoIor= 
a b 
1 1 6.53 1.28 0.17 - - -
2 6.76 4.71 0.39 91.68 -0.56 14.25 
2 1 6.61 1.62 0.21 - - -
5 1 6.85 4.84 0.71 90.75 -1.13 16.13 
2 - - - 90.32 -0.57 14.15 
6 1 6.90 3.20 0.47 91.83 -1.16 15.22 
2 6.77 6.02 0.69 91.71 -1.15 14.34 
3 -
-
- 91.24 -1.19 14.24 
8 1 - - - - - -
9 1 - - - - - -
11 1 6.88 4.58 0.61 90.69 -0.57 15.67 
2 - -
-
90.30 -0.61 14.93 
12 1 6.91 5.28 0.77 91.99 -1.08 14.31 
2 - - - 91.92 -1.29 14.67 
' Missing treatments were not feasible and no data were collected. 
Measurements taken at 25° C. 
" Color measurements taken the day after drying. 
- Missing data 
NSI = Nitrogen solubility index 
N = Nitrogen 
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Table 2.7a. Storage analysis data for day 6 
Treatment^ Replicate Insolubility 
Color 
index L a b 
1 1 15.70 90.28 -1.10 16.22 
2 3.83 91.39 -0.54 14.05 
2 1 0.00 91.41 -1.44 14.89 
5 1 3.50 90.71 -0.98 16.10 
2 0.00 90.99 -0.61 14.03 
6 1 10.70 91.63 -1.09 15.14 
2 1.67 91.80 -1.12 14.38 
J 0.00 91.45 -1.11 14.71 
8 1 0.00 92.39 -1.33 14.32 
9 1 0.67 91.67 -0.65 13.94 
11 1 - 90.39 -0.55 15.63 
2 - 90.37 -0.62 14.85 
12 1 - 92.19 -0.98 14.12 
2 - 91.91 -1.26 14.41 
Missing treatments were not feasible and no data were collected. 
- Missing data. 
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Table 2.7b. Storage analysis data for day 13 
Color 
Treatment* Replicate ixia\jj.uuuiLj( index L a b 
1 1 19.50 91.19 -2.42 16.20 
2 2.83 91.36 -0.47 14.07 
2 1 0.00 91.97 -2.58 15.08 
5 1 3.67 90.76 -0.96 16.11 
2 1.17 90.85 -0.53 14.08 
6 I 8.80 92.00 -1.02 15.01 
2 0.00 91.74 -0.98 14.33 
J 0.00 91.35 -1.14 14.67 
8 1 - 92.25 -1.27 14.27 
9 1 - 91.61 -0.63 13.91 
11 1 6.30 90.47 -0.51 15.45 
2 4.00 90.48 -0.56 14.67 
12 1 3.50 92.33 -0.96 14.06 
2 1.50 91.97 -1.19 14.43 
® Missing treatments were not feasible and no data were collected. 
- Missing data. 
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Table 2.7c. Storage analysis data for day 20 
Treatment" Replicate index L a b 
1 1 18.30 90.54 -0.98 15.72 
2 3.00 91.18 -0.46 13.97 
2 1 0.00 91.53 -1.15 14.79 
5 1 - 90.67 -0.95 16.10 
2 - 90.85 -0.59 13.90 
6 1 - 91.79 -1.01 14.96 
2 1.83 91.66 -1.08 14.32 
3 - 91.25 -1.12 14.64 
8 1 - 92.47 -1.20 14.19 
9 1 - 91.71 -0.58 13.85 
11 1 4.80 90.43 -0.42 15.49 
2 4.00 90.58 -0.53 14.59 
12 1 3.17 92.22 -0.91 14.01 
2 1.75 92.07 -1.12 14.35 
* NCssing treatments were not feasible and no data were collected. 
- Missing data. 
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Table 2.1d. Storage analysis data after six months 
Treatment* Replicate Insolubility 
Color 
index L a b 
1 1 15.33 89.86 -1.01 17.18 
2 1.67 90.63 -0.48 14.96 
2 1 0.67 91.23 -1.14 15.79 
5 1 1.67 90.21 -1.07 17.38 
2 0.50 90.02 -0.55 15.28 
6 1 6.83 91.33 -1.08 16.23 
2 0.00 90.78 -1.10 15.63 
o J 0.33 90.31 -1.16 16.28 
8 1 0.00 91.23 -1.21 15.72 
9 1 0.00 90.59 -0.49 15.19 
11 1 2.83 89.47 -0.35 16.50 
2 3.50 89.48 -0.45 15.93 
12 1 1.67 91.20 1 o
 
15.62 
2 0.00 91.05 -1.18 15.81 
* Missing treatments were not feasible and no data were collected. 
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Table 2.7e. Storage analysis data after twelve months 
Treatment* Replicate index L a b 
1 1 17.67 89.61 -1.26 17.70 
2 1.50 90.45 -0.68 15.52 
2 1 0.00 91.04 -1.52 16.34 
5 1 2.67 90.10 -1.34 17.47 
2 0.17 90.04 -0.76 15.76 
6 1 6.83 91.12 -1.31 16.47 
2 0.00 90.72 -1.35 16.17 
3 0.00 90.22 -1.41 16.59 
8 1 0.00 91.10 -1.54 16.16 
9 1 0.33 90.45 -0.73 15.67 
11 1 6.67 89.29 -0.54 16.92 
2 4.83 89.27 -0.59 16.50 
12 1 3.33 91.13 -1.23 15.98 
2 0.17 90.88 -1.37 16.32 
" Missing treatments were not feasible and no data were collected. 
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Appendix 2-A 
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Proximate Composition of Okara 









1 1 22.86 5.71 2.86 308.16 68.57 
2 40.25 4.20 0.00 388.52 55.54 
2 I 23.43 5.02 2.93 318.41 68.62 
5 1 21.11 9.43 3.17 281.68 66.30 
2 - 2.02 2.53 405.31 -
6 1 21.32 5.96 2.85 325.53 69.87 
2 53.46 9.74 3.75 346.63 33.05 
3 - 6.36 3.07 357.88 -
8 1 - 0.88 2.91 340.53 -
9 1 - 5.56 4.19 405.05 -





18.31 7.49 3.59 332.90 70.61 
Missing treatments were not feasible and no data were collected. 
Protein fraction obtained as N*6.25. 
' Carbohydrate portion obtained by substraction. 
- Missing data. 
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CHAPTERS 
PARTICXE SIZE OF SPRAY DRIED SOYMILK 
To be submitted in part to the Transactions of ASAE 
Fernando Perez-Munoz and Rolando A. Floras 
Abstract 
Soymilk was spray dried under various combinations of inlet heated air temperamre 
(255, 265, and 275°Q, rotary atomizer speed (19,300 and 26,8(X) rpm), and feed rate (0.37 
and 0.58 Lpm) and sieved to determine mean particle size diameter. Spray dried soymilk 
samples were sieved using ultrasonic and shaker/tapping methods. High fat content of the 
soymilk required the addition of dispersion agents to increase flowability. Nine algorithms 
were used to calculate mean diameter from experimental data. These values were compared 
with Sauter and volume mean diameter estimates obtained from six empirical relations 
reported in the literature for spray dried products. Estimates from experimental data were 
found to depend on the sieving method and dispersion agent used and did not agree with 
literature reporting decreases in particle size with increases in atomizer speed. Good 
estimates of Sauter and volume mean diameters were obtained from the Friedman's 
correlation and the modified Herring and Marshall correlation, respectively. 
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Introduction 
The quality of any spray dried powder is of key importance during processing. The 
desired quality of the powder is ultimately defined by consumer requirements or the needs 
of further processing steps. Characteristics such as flowability, compressibility, angle of 
repose, and bulk density have been related to particle size and size distribution of the 
powder. In order to meet those desired characteristics of spray dried powders it is essential 
to understand how the particle size and size distribution are affected by the various 
processing parameters. 
Authors such as Masters (1972) and Filkova and Mujtraidar (1987) summarized the 
work of researchers who developed empirical correlations between the mean particle 
diameter and a combination of spray dryer parameters and feed properties. These correlations 
are not imiversal because they were developed for certain feeds and dryers, however, they 
are often times used to estimate the expected particle mean diameter of spray dried feeds. 
Applicability of a given correlation (see Masters, 1972) needs to be determined by the user 
based on the atomization method (i.e., rotating disk vs. pressure nozzle), the processing 
parameters (i.e., feed rate, atomizer speed, disk geometry), and the feed properties (i.e., 
density, surface tension). The conditions included in this smdy were not completely covered 
by any one of the equations found in literature reports, thus, they were all considered. 
Mean particle size of powders can be determined experimentally by sieving, light 
absorption, or microscopic measurement. Sieving of high moisture or high fat samples 
requires the addition of dispersion or anti-caking agents such as silicum oxide or calcium 
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chloride to increase flowability of the sample through the sieves. Reports on the effect of 
sieving method or dispersion agent on the particle size estimate are lacking in literature. 
Objectives 
The objectives of this smdy were (1) to determine experimental mean particle size 
diameter of spray dried soymUk using conventional shaker sieving with tapping and 
ultrasonic sieving methods; (2) to analyze gathered data with various algorithms reported in 
literature to determine a representative experimental particle size diameter; and (3) to 
compare these experimental values with particle size estimates obtained from empirical 
equations reported in literature. 
Review of Literature 
The review of literature is divided into three sections: particle structure and 
morphology, effect of atomization method on particle size, and representation of particle size 
distributions. 
Particle structure of sprav dried slurries 
During spray drying, the method of atomization and feed properties influence the final 
particle-size distribution, bulk density, appearance and moisture content characteristics of the 
resulting powder (Masters, 1972). Greenwald and Judson King (1981) smdied the particle 
morphology of coffee, skim milk, sucrose and maltodextrin solutions and concluded that it 
is a consequence of initial drop size, the time-temperature relationship, and liquid feed 
composition and that it also affects drying rate, aroma retention, stickiness, and dispersibility 
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of the final product. 
El Sayed et al. (1990) observed the drying of suspended and free falling droplets of 
coffee, skim milk, sucrose and maltodextrin solutions and described the observed size and 
shape changes. First, droplets shrink near-spherically. Then, boiling occurs causing rapid 
inflate-deinflate cycles. These cycles showed up sooner at higher drying temperatures (i.e., 
204°C vs. 150°C), but did not happen at 88°C. Finally, the particle grows or shrinks to the 
final shape. Blowholes and uneven surface shrinkage take place during this last stage. 
El Sayed et al. (1990) also reported the formation of internal voids when the droplet 
temperature reached 100°C. Voids affect the particle-size distribution and are attributed to 
dissolved air present in the feed (aqueous solution). Judson King et al. (1984) survey the 
literature on spray drying quality factors of foods and mention that internal voidage is 
enhanced by disc atomization (compared to other atomization methods) because air is 
entrained during atomization and expands during drying. Furthermore, Judson King et al. 
(1984) indicate that vacuole formation requires the droplet's temperature to reach the boiling 
point of the feed as well as the availability of nucleation sites. After cooling, the specific 
volume of the entrapped gas decreases and causes a partial vacuvmi inside the voids. 
The presence of internal voids leads to decreases in bulk and particle density. 
Therefore, bulk and particle density can be increased by decreasing inlet heated air 
temperature (Kessler, 1981; Judson King et al., 1984). Hall and Hedrick (1971) further 
suggest to increase feed solids content of milk and other dairy products to increase bulk 
density of the powder. Judson King et al. (1984) reported that the effect of initial feed solids 
concentration on the final bulk density of the product varies according to the material being 
dried. On the other hand, a direct relationship was found between feed solids content and final 
particle volume (Hall and Hedrick, 1971; Judson King et al. 1984; El Sayed et al., 1990). 
Judson King et al. (1984) suggested that mcreasing solids concentration affects particle 
expansion, thus obscuring the relationship between feed solids content and bulk density. 
Reductions in feed viscosity also increase the amount of entrapped air in the droplet, 
thus the bulk and particle densities decrease. Conflicting results were found on the effect of 
outlet hot air temperature on density for dairy products (Hall and Hedrick, 1971; Kessler, 
1981). Feed temperature has litde effect on bulk density (a slight, but insignificant reduction 
was observed) (Judson King et al., 1984). 
Typical spray dried particles are 10 to 250 /zm spheres with occluded air and low bulk 
densities and their surfaces can be smooth or wrinkled depending on the temperature gradients 
between droplets and air (Hall and Hedrick, 1971). Judson iCing et al. (1984) compared the 
appearance of spray dried skim milk, calcium caseinate, and lactose and found the formation 
of dents and folds caused by the presence of casein. Hall and Hedrick (1971) stated that the 
true density of particle was a fimction of its constiments (i.e. fat, non-fat solubles (SNF), 
moisture) and provided a formula for its calculation. 
110 
%SNF % water 
+ + 
0.93 1.6 1.0 
El Sayed et al. (1990) smdied the effect of feed composition on drying rates. These 
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authors found inirial drying rates were similar regardless of feed composition because of the 
dominance of external resistances to heat and mass transfer. Solutions with solids of lower 
molecular weight entered the falling rate later than solutions with solids of high molecular 
weight because the former have greater water diffiisivities. 
Wallack et al. (1990) compared drying rates and water contents for coffee, skim milk, 
sucrose and maltodextrin solutions with those obtained from a drying model based upon 
diffusion within a non-circulating, voidless sphere. Agreement with the model was found at 
189°C. Higher drying rates were measured for coffee extracts at 219 and 254°C and were 
attributed to the formation of blowholes on the particles because wet material escapes the 
interior of the particle through cracks in the particle's surface. 
Particle structure, density and electrical/electrostatic charge determines flowability 
of the powder (Hall and Hedrick, 1971). Caric (1994) reported that additives like silicum 
oxide, silicates, calcium phosphate, calcium stearate and modified starches can increase 
flowability because they cover the surface of the dried particles. Konstance et al. (1995) 
studied the interdependence of physical properties (mass flow rate, compressibility, angle of 
repose, bulk density and stress relaxation) of spray dried buneroil encapsulated in sucrose, 
lactose or all purpose flour by particle size and then compared their properties to those of 
common powders such as ^ray-dried nonfat dry milk, whole milk powder and sodiimi 
chloride. They concluded that encapsulated powders had less flowability than other powders, 
but flowability was increased by addition of 2% anti-caking agent. 
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Effect of atomiTation method on particle size 
"Atomization is the most important operation in the spray drying process. The type 
of atomizer not only determines the energy required to form the spray but also the size and 
size distribution of the drops and their trajectory and speed, on which the final particle size 
depends... The drop size establishes the heat transfer surface available and thus the drying 
rate" (Filkova and Mujumdar, 1987, p. 244). 
There are two main atomization methods: rotating wheels and pressure nozzles. Other 
atomization methods (i.e., sonic) are commercially available, however, their use is limited 
to very specific applications (i.e., some high viscosity non-Newtonian fluids). Pressure 
nozzles, in general, can be single-fluid or two-fluid. Atomization in single-fluid nozzles is 
a consequence of the conversion of energy of the pressurized feed into velocity energy. 
According to Filkova and Mujumdar (1987) typical feed pressures range between 5 and 7 
MPA, capacities are below 100 L/hr, and the resulting droplets have a narrow particle size 
range and dry into hollow spheres. These nozzles tend to clog when used for highly 
concentrated or abrasive slurries, but have very low energy consumption requirements 
compared to other atomization methods. 
Two-fluid nozzles, also known as pneumatic nozzles, use compressed air or steam 
to atomize the non-pressurized feed. Filkova and Mujumdar (1987) state that the capacity of 
these nozzles does not exceed 1000 Kg/hr of feed and require 0.5 m^ of compressed gas per 
kilogram of feed. Resulting mean particle sizes and particle size ranges of pneumatic nozzles 
increase with increased feed viscosity and decreased air-feed ratio. 
Rotating wheels cause atomization of the feed by centrifiigation. The feed enters the 
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atomizer at the center and moves towards the edge of the wheel where it is ejected in 
droplets. Rotary atomizers can have many different configurations, but, in general terms, can 
be grouped into vaned or vaneless disks. Vaneiess disks are typically found in applications 
requiring high production rates of coarse particles. 
Vaned wheels differ in the number and shape of the vane. Filkova and Weberschinke 
(1980) smdied the effect of vane geometry on particle size of various solutions and found 
that (1) vane shape is important only for low viscosity fluids (n < 0.150 Pa*s), and (2) that 
the homogeneity of the spray differ between Newtonian and non-Newtonian fluids and among 
vane shapes. Although straight radial vanes are most typical, Filkova and Mujumdar (1987) 
reported the use of curved vanes in the milk industry. Curved vanes produce powders of 
higher bulk density due to a reduced air entrapment during atomization. 
Judson King et al. (1984) reported that vaned wheels produce sprays of greater 
homogeneity than pressure nozzles. Droplets typically have Sauter mean diameters between 
30 and 150 nm and low densities due to fine air bubbles introduced during atomization. 
However, feed is subjected to extreme shears which may affect the colloidal properties of 
food emulsions. 
Representation of particle size distributions 
Regardless of the atomization method and the properties of the feed, the process of 
breaking the feed into droplets produces a wide range of particle sizes for the same 
processing conditions and feed. Size characterization of the resulting population of particles 
is typically done by means of a representative diameter (i.e. maximirai or average) of the 
particles. Methods for determination of the representative diameter include sieving (i.e. 
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shaker, sonic, vacuum), light absorption, and microscopic measurement. Sedimentation 
techniques can also be used to characterize a population of particles based on mass or density 
of the particles. 
Size variability of a particle population can be represented using statistical 
distributions. Statistical distributions use mathematical relationships to express the (1) typical 
size of the population (i.e. mean particle size diameter) and (2) the deviation from the typical 
size or the range of particle sizes in the distributioiL Masters (1972) offers a summary of the 
most common statistical distributions used to represent the particle size of spray dried feeds 
and defines the mean diameter as the mathematical value that represents the complete 
population of spray dried particles. 
Table 3.1 summarizes the algorithms used for calculation of particle diameter (in mm) 
based on experimental data. Dj in these equations refers to the nominal aperture size of the 
sieves and P(Di) is the frequency of occurrence of that diameter calculated as the ratio of the 
weight of sample in the sieve to the weight of the total sample. It must be noticed that this 
is not the true frequency of occurrence because it does not refer to the number of particles 
of a specific size. Use of mass or weight for calculation of P(Di) is, however, a more 
practical and convenient method. 
According to Masters (1972) the most-frequent diameter (eq. 3.1) represents the 
sample satisfactorily and is easily identifiable when size data is expressed in graphical or 
tabular form. However, estimates using the most-frequent diameter method are typically low 
in comparison to other estimation methods except for the harmonic-mean (eq. 3.2). The 
harmonic-mean is useful when the surface area of die product is critical because its 
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mathematical expression is related to the specific smface calculation of the particles 
(Masters, 1972). 
Equations 3.3 and 3.4 are two different forms of calculating the geometric-mean 
diameter of a distribution. The first one (eq. 3.3) is the general method for estimation of the 
geometric-mean while eq. 3.4 is used when the population can be represented using a log-
normal distribution. The arithmetic-mean diameter algorithm (eq. 3.5) is most significant 
when the particle size distribution is not affected by the presence of extremely small or large 
particles. In contrast, the median diameter (eq. 3.6) is most useful when the particle 
distribution contains significant amounts of very large and very small particles. For the same 
population, median diameters tend to be larger than geometric-means but smaller than 
arithmetic-means (Masters, 1972). 
Surface-mean (eq. 3.7) and volume-mean (eq. 3.8) diameters are variations of the 
arithmetic-mean diameter algorithm using a representative or equivalent circular cross-
sectional area or sphere, respectively. Finally, the Sauter-mean (eq. 3.9) represents the 
particle having the typical volume to surface ratio of the population. Masters (1972) states 
that the Sauter-mean typically exceeds the volume-mean by 15-20% when light absorption 
techniques are used. 
Table 3.2 presents the empirical correlations used to estimate Sauter and volume 
mean diameters. These equations require information on the spray dryer design specifications 
(atomizer wheel radius or diameter in m; number of vanes in the wheel; and vane height in 
m) and processing parameters (mass feed rate in kg/s; and rotational speed of atomizer wheel 
in rps). Equations 3.13, 3.14, and 3.15 also require knowledge of the feed's physical 
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properties such as density (in kg/m^), viscosity (in Pa«s), and surface tension (in N/m). 
Materials and Methods 
Sovmilk preparation and drying 
Soymilk was prepared and dried as discussed in chapter 2. 
Experimental design 
Inlet hot air temperature (255, 265 and 275 °C), rotary atomizer speed (19,300 and 
26,800 rpm), and feed pumping rate (0.38 and 0.57 Lpm) were the three factors included in the 
design of a 3*2*2 factorial experiment (appendix II). Selected settings were based on experience 
obtained from pilot runs. All twelve treatments were randomized and replicated twice over a 
period of eight weeks (October 4 to December 15, 1994). 
At a pumping rate of 0.57 Lpm, only two out of the twelve trials (sbc treatments on each 
of two replications) were feasible. For the remaining ten trials, wetting of the drying chamber's 
walls occurred. Wetting of the drying chamber is detrimental to the drying process. The lack of 
information from the unfeasible treatments forced the data to be analyzed as gathered from a 
completely randomized design with fourteen treatments (table 3.3). 
Data collected during spray drying runs (see figiire 3.1) included; dry and wet bulb 
temperatures of inlet air, dry and wet bulb temperatures of exhaust air, product collection bucket 
temperature, feed tank temperature, atomizer speed, inlet and outlet hot air temperatures (dry 
bulb), air velocity pressure at the exhaust pipe, weight of collected product and chamber residue, 
depth of chamber residue, and electrical power consumption. Relevant weather data 
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(temperature, relative humidity and barometric pressure) were obtained from the National 
Weather Bureau at Des Moines, Iowa, for those days and times the experiment was performed. 
Determination of panicle size distribution using sonic siever. Particle size 
distribution was assessed using a GilSonic Auto Siever (Gilson Company, Inc. model GA-6. 
Worthington, OH). Cab-O-Sil* M5 (Cabot Corp. Boston, MA) dispersion agent was well 
mixed with die 10 ± 0.1 g sample at a ratio of 5% w/w. Addition of the dispersion agent 
decreased sample agglomeration during sieving due to high fat content of the spray dried 
so5Tnilk. An analytical balance (Denver Instruments Co. model A-250. Arvada, CO) 
provided weight measurements with ±0.0001g accuracy. 
Use of the dispersion agent did not completely inhibit sample agglomeration. Balls 
of sample and dispersion agent formed on the first sieve after a few minutes of sieving. Such 
agglomeration required the sieving process to be stopped to breakdown the balls and 
redisperse the sample. The resulting sieving procedure was as follows. 
Sieves and sample (with dispersion agent) were loaded into the siever and clamped 
in place. Upon pressing the RUN/STOP key on the siever's control panel, the sonic waves 
ramp up from zero to 80 (fiill scale or maximum is 99) in 0.2 seconds and maintained for 
10 minutes. No tapping was used. After about three minutes of constant vibration, the 
process was paused to remix the material on the first sieve. Sieving was resumed with 
bottom tapping. Side tapping on the sieves was enabled one minute later (i.e. minute four). 
It was observed that this tapping sequence reduced the amoxmt of sample lost through the 
crevices in between sieves. At minute seven, the sieving was paused again for remixing. No 
further pauses or changes in tapping occurred for the remaining process time. The decay 
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time for the somid waves was set to 0.3 minutes. Measurements were done in triplicate. 
Shaker sieving/tapping detemdnaxion of particle size distribution. Particle size 
distribution was assessed using a Ro-Tap* testing sieve shaker (W. S. Tyler, Inc., model 
B, Gastonia, NC). Cab-O-Sil' M5 dispersion agent (Cabot Corp. Boston, MA) was well 
mixed with the 25 ± 0.1 g sample at a ratio of 5% w/w. An analytical balance (Denver 
Instruments Co., model DI-4KD, Arvada, CO) provided weight measurements with ±0.01g 
accuracy. Measurements were done in triplicate. Shaker sieving was repeated using Zeofree 
80* dispersion agent (J. M. Huber Corporation, Havre de Grace, MD) at a ratio of 5% w/w. 
Results 
Table 3.4, 3.5 and 3.6 show mean particle size diameter estimates resulting from the 
application of equations 3.1 through 3.9 (in Table 3.1) to experimentally collected data. 
Values on the tables represent the average of all replicates of the experimental treatment. 
Mean particle size diameters of indiviual replications of experimental treatments are 
presented in appendix 3-A. Table 3.4 corresponds to data collected from the sonic sieving 
test. Tables 3.5 and 3.6 correspond to data collected from the shaker sieving test using Cab-
o-Sil* and Zeofree 80*, respectively. Empirical estimates from equations 3.10 to 3.15 (Table 
3.2) are presented in Table 3.7. 
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Discussion of Results 
Dispersion agents and sieving methods. The spray dried soymilk used in this study 
contained approximately 20% fat. This high fat content caused the powder to have very low 
flowability. Upon sieving, the powder remained in the first sieve and agglomerated to form 
big balls of material. Addition of a dispersion agent greatly improved flowability and enabled 
the researchers to perform particle size distribution analysis of the powder using sieving 
techniques. According to ASAE Standard S319.2 addition of dispersion agents should be 
done at a level of 0.5% w/w and its effect on particle size need not to be recorded (ASAE, 
1990). This recommended amount was not sufficient and had to be increased to 5% to 
achieve good flowability. 
Two synthetic, amorphous forms of silicon dioxide were used as dispersion agents 
for this smdy. Cab-o-Sil*, a registered brand of Cabot Corporation, made of fumed silica; 
and Zeofree 80*, a registered brand of J. M. Huber Corporation, which consists of 
precipitated silica. Both of these dispersion agents are commercially available for use in food 
products. 
Analysis of the shaker siever data in Tables 3.5 and 3.6 showed that the selection of 
a dispersion agent may yield significantly different mean diameter estimates depending on 
the algorithm used. Dispersion agent data showed that at the 10% level of significance all 
algorithms, except the most frequent and the Sauter mean, produced different mean diameters 
for the same data sets. Furthermore, among those algorithms producing significantly different 
mean diameters, only estimates from the median and volume mean diameters were not 
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significant at the 5% level. 
Likewise, the selection of sieving method (i.e. shaker vs. sonic) proved to be a 
significant factor (P > 0.05) on the determination of mean diameter when Cab-o-Sil* was 
used as the dispersion agent. This finding held true for all algorithms, except the Sauter 
mean where significance was found at the 10% level. 
Experimental data analysis algorithms. The relationship between algorithms for 
the analysis of experimental data was fiirthered using the Duncan test for the difference 
between means. Results indicated that for the same experimental treatment the sonic 
siever/Cab-o-Sil* combination yielded the more consistent grouping of the mean diameters 
of all three siever/dispersion agent combinations. Furthermore, analysis of variance (P > 
0.01) showed that for the sonic siever/Cab-o-Sil* combination differences between mean 
diameter estimates of individual experimental treatments were explained by the type of 
algorithm used for data analysis. Similar analysis for the shaker siever/Cab-o-Sil* and shaker 
siever/Zeofiree 80* combinations at the 5 % level of significance produced similar results for 
only 4 and 6 of the eight experimental treatments, respectively. 
Results from Duncan tests (P > 0.05) on the difference between experimental 
treatment means showed near identical groupings for all experimental data analysis 
algorithms when applied to shaker siever/Zeofiree 80* data. Variability of Duncan groupings 
was more noticeable for data gathered firom the sonic siever/Cab-o-Sil* tests. For aU 
combinations, however, the observed variability of the data could be explained by differences 
between experimental treatments. 
Empirical estimates. Empirically determined estimates of the Sauter mean diameter 
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(Table 3.7) were lowest than diameters based on experimental data, except for estimates 
from Friedman's equation (eq. 3.15). Scott's equation (eq. 3.13) yielded the lower estimates, 
followed by Frazer's (eq. 3.14) and Filkova and Mujimidar's (eq. 3.12). Estimates from the 
Friedman's equation followed Sauter mean diameters from sonic siever/Cab-o-SU* data better 
(average difference 18.8%) than those from the shaker siever/Cab-o-sil* (average difference 
24.8%) or shaker siever/Zeofree 80* (average difference 23.4%) data sets. 
Herring and Marshall's estimates of the volmne diameter frxDm equations 3.10 and 
3.11 were also lower rhan those obtained from experimental data. From the two equations, 
it was the modified form of Herring and Marshall's equation (eq. 3.11) which provided die 
better estimates. The average error of the estimates was 0.018 mm (39.1% difference) for 
the sonic siever/Cab-o-Sil' data set, 0.026 mm (40.5% difference) for the shaker siever/Cab-
o-Sil* data set, and 0.023 mm (37.5% difference) for the shaker siever/Zeofree 80* data set. 
Results from a correlation analysis showed that none of the empirical relations 
satisfactorily predicted mean particle size diameters obtained by any of the algorithms in 
table 3.1. This statement held true for all siever/dispersion agent combinations and data 
analysis algorithms, except for the Sauter mean diameter from the sonic siever/Cab-o-Sil* 
data set (r = 0.85). Detailed observation of the data showed that empirical estimates were 
closer to experimentally determined estimated for the lower level of atomizer speed 
compared to the higher level. 
Influence of spray drying parameters. Differences on the experimentally 
determined mean diameters could be explained by variability among treatments (P > 0.01) 
regardless of the siever/dispersion agent combination and data analysis algorithm used. This 
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statement was true for all siever/dispersion agent combinations and data analysis algorithms, 
except the Sauter mean and most frequent algorithms when applied to data gathered from the 
sonic sieving test. However, at the 5% and 10% level of significance, respectively, the same 
conclusion was reached for these two exceptions. 
A more detailed analysis of the influence of spray drying conditions on particle size 
showed that, even at the 20% level of significance, neither the atomizer speed or the feed 
rate could explain the variability in particle size. This finding is not in agreement with 
literature reports and held true for all experimental data analysis algorithms and 
siever/dispersion agent combinations. Under all testing conditions and at the 5 % level of 
significance, however, variability among mean diameters based on experimental data was 
explained by including inlet temperature changes in the model along with atomizer speed and 
pumping rate. Slightly better results were obtained by modeling the observed variability in 
estimates of particle mean diameters as a fimction of the atomizer speed-pumping rate 
interaction and the inlet temperature. Furthermore, results from the Duncan difference test 
for the mean showed that all experimental data analysis algorithms found difference (P > 
0.05) between treatment means due inlet temperature differences for the shaker 
siever/Zeofree 80* data set (Table 3.8c). Data from the sonic siever/Cab-o-Sil* (Table 3.8a) 
and Shaker siever/Cab-o-Sil* (Table 3.8b) showed difference between 255°C and the other 
levels, but no difference between 265 and 275°C. In all instances, the mean particle size 
decreased with increases in inlet temperature. 
Dependence of particle size on temperature has not been reported in the literature and 
is not reflected on the empirical relations of Table 3.2. Greenwald and King (1981) reported 
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that expansion of the droplets is observed at high temperatures (i.e., above the boiling point 
of the feed) and that the extent of the expansion is directly related to the temperature. 
According to Shaw (1990) drying takes place so fast at elevated outlet temperatures that 
particles may explode, eliminating the spherical shape and potentially damaging the product. 
It is then possible that the high temperatures and low solids concentrations considered in this 
smdy resulted in the explosion of some particles, thus, causing a reduction of mean particle 
size. 
Conclusions 
Analysis of experimental data showed that the significance (P > 0.05) of a mean 
diameter depends on the sieving method, dispersion agent and analysis algorithm used. 
Empirical relations reported in the literature fell short in predicting the resultant particle size 
of the spray dried soymilk samples used in this smdy. The better estimates of the Sauter 
mean diameter were given by Friedman's equation (18.8% difference). The modified form 
of Herring and Marshall's relation was more accurate in predicting the volume mean 
diameter (37.5% difference). 
' In contrast to literature reporting on the influence of atomizer speed and pumping rate 
on the resulting particle size of spray dried slurries, data showed the observed variability 
in particle size could not be explained by these factors. Further analysis of the data showed 
a dependence of mean particle size on inlet temperature of the spray dryer. This dependence 
was noticeable with all siever/dispersion agent combinations and all data analysis algorithms. 
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but more marked for the shaker siever/Zeofree 80* combination. 
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Table 3.1 Mean particle diameter algorithms for experimental data (mm)' 
Type Formula Equation No. 
Most frequent (3.1) 
Median D,(P.XDi) (3.2) 
Geometric mean jriD.""' (3.3) 
Geometric mean 




Harmonic mean 100 (3.5) 
i 
Arithmetic mean ID,XP(D,) (3.6) 
IP(D,) 
Surface mean 






r X D i 'xp(Dj (3.8) 
IKD.) 
i 
Sauter mean 2;D,'XP(D,) 
SD,'xP(Di) 
(3.9) 
" Masters (1972) 
Dj refers to the nominal aperture diameter of the sieves. 
P(Di) is the frequency of occurrence of diameter D; calculated as the weight of sample on 
sieve / divided by the weight of the total sample. 
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Table 3.2. Empirical correlations for estimation of mean particle diameter (in mm) 
based on feed properties and spray dryer parameters 
Volume mean diameter 
Herring and Marshall (1955)® 2.74M 0.24 
(irNy^nh)"" 
Modified Herring and Marshall (1955) 
(2r)°-~N"°(nh)°-" 
Sauter mean diameter 
Filkova and Mujumdar (1987)"^ 
Scott et al. (1964)® 
0.63 
l.62N-'^^M''^'(2r)-''' 
. \ 0.171 
^ I /S \-0 0I7 
—J (27trN) (ji) 
Frazer et al. (1957)® 




r M ] 
0.6 (\^ T 








® Adapted from Masters (1972) 
'• Adapted from Keey (1992) 
Adapted from Filkova and Mujumdar (1987) 
N rotational speed of vaned atomizer wheel (rps) 
r radius of vaned atomizer wheel (m) = 0.05015 m 
n -* number of vanes in atomizer wheel = 8 
h -»height of vanes in atomizer wheel (m) = 0.00415 m 
p -• feed density (kg/m^) 
a feed surface tension (N/m) = 38.2E-3 N/m 
^ -* feed viscosity (Pa.s) = 22.4E-3 Pa.s 
M -* feed mass flow rate (kg/s) 
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Table 33. Implementation of experimental design 
Treatment Replicate Inlet hot air temperature (°C) Atomizer speed (%)^ Ptmiping rate {Vof 
1 1 265 60 40 
2 265 60 40 
2 1 265 80 60 
5 1 255 60 40 
2 255 60 40 
6 1 265 80 40 
2 265 80 40 
J 265 80 40 
8 1 255 80 40 
9 1 275 80 60 
11 1 275 60 40 
2 275 60 40 
12 1 275 80 40 
2 275 80 40 
^ Atomizer speed: 60% =>• 19,300 rpm; 80% 26,800 rpm 
'' Pumping rate: 40% => 0.37 Lpm; 60% =>• 0.58 Lpm 
Table 3.4 Average experimental results from ultrasonic sieving (mm) 
Experimental treatment* 
Mean type 
1 2 5 6 8 9 11 12 
Most frequent '0.071., "0.079., '•"OOSS. ""0.071., •="0.079., "0.064, ••o.oee. '0076., 
Median •"ooss., *^0,094. '"^0.076,, *""0.085., "*0.071, "*0.071, ^'0.086., 
Geometric "=0.074^, '"0.083., "*0,087. A ''°0.071,d '"0.079.„ ""0.066, "0.068, "^•0.081.„ 
Geometric/ "*0.081^, *"0.092., •^0.096. n •="0.078,, "«0.086.„ '"0.072, •="0.073, *"="0.088.,, 
lognormal 
Harmonic '0070.,,, ''0.079. "0.081. '0.066,,, "0074.,, "0.062, "0.063,, '0.075., 
Arithmetic "'0.079,, '^•'0.087., ""=''0.093. A •="0.077,, *""0.084., "•0.072, "*0.073, '"0.086"" 
Surface "'^0.084,, bco 09i«'' ""=0.098. *"0.083,, *"0.090., "*0,078, "*0.079, *"0.091., 
Volume "0.089,, "0.096., "•0.103. "0.089,, "0.095., "0.085, "0.086, "0.096., 
Sauter "0.101, "0.105, "0.114. "0.104, •0.107., "0.102, "0.100, "0107., 
* Missing treatments were not feasible and no data were collected. 
Means with the same superscript along a column are not significantly different (P<0,05) 
Means with the same subscript across a row are not significantly different (P<0.05) 
Table 3.5 Average experimental results from Ro-Tap® sieving using Cab-o-sil*^^ (mm) 
Experimental treatment* 
Mean type 1 2 5 6 8 9 11 12 
Most frequent •""0.097.b« ""O.IIS., ""0.129. A ""0.094,, "0.118., "0.091,, "'0.07 ,^ "0 099.,, 
Median "0.103, "0.132., "0.140. •"*=0.092,, ""0.108,, ""0075, "0.082,, "0 108,, 
Geometric •^ 0.090, *"0.115., "^ 0.118. "^ 0.081,, '"'0.094,, "0.068, "'0.074,, "0.095„ 
Geometric/ "'•0.098, ""0.126,, ""0.129. """0.089,, "^ '0.103,, ""0.073, "0.081,, "0.104,, 
lognormal 
Harmonic '0.087b "0.112, '0.113. '0.077„ "0.090, "0.064, "0.071,, "0.092., 
Arithmetic *"0.092,^  ""0.118., ""0.122. """0.085,, "•^ "0.098,, ""0.070, ""0.077,, '0.097„ 
Surface ""0.094,, '"0.120., *^0.124. '""0.088,, ""••o.ioi,. '"0.074, ""0.080,, '0.099,, 
Volume '''•«0.096,j ""0.122., "0.126. '""0.092,, ""*0.104,, ""0.077, "0.083,, "0.101„ 
Sauter '"0.100,, ""0.125., '"0.130. '0.099,, ""0.109,, '"0.084, "0.089,, '0.106, 
* Missing treatments were not feasible and no data were collected. 
Means with the same superscript along a column are not significantly different (P<0.05) 
Means with the same subscript across a row are not significantly different (P<0.05) 
Table 3.6 Average experimental results from Ro-Tap*^ sieving using Zeofree 80^ (mm) 
Experimental treatment* 
Mean type 1 2 5 6 8 9 11 12 
Most frequent •"OllSb "•0,137„ '0.107b, ••"0.100b, '"0.088b,, "0.074,, '"0.055, 
Median •"0,089,^  "0.118b •0.146, •'•0.105b, •'•"0.105b, •'•0.092,, '•"0.072,, '"0,057, 
Geometric ''0.076,a •'•0.098b '='^ 0.120. '"0.087bc '•"0.100b '»0.075,, "•0.064,, "0,053, 
Geometric/ "•0.082,^  "''0.107b '•"0.131, •'•"0,095b, "'•"0.108b •*"0.081,, '"0.070,, *•"0,058, 
lognormal 
Harmonic '0.072,, '•0.093b "0.115, "0.082b, "0.095b »0.070,, "0.060,, "0,051, 
Arithmetic ''®0.079,d •'•0.102b '•"''0.124. ''•"0.092b, •'•"0.104b "'0.079,, '""0,068,, '"0.056, 
Surface "''0.082a '••O.lOSb '•"''0.126, •'•"0.096b, '''"0.107b "''"0.083,, '"0.071,, •"0.059, 
Volume *"0.085, "'•0.108b '•"•'0.129, •'•"0.099b, •"0.110b '•"•'0.087,, "0.076,, '•0,064, 
Sauter "0.091, •'•0.114b •••"0.134, "0.107b "0.117b •0.095, "0,085,, "0,073, 
' Missing treatments were not feasible and no data were collected. 
Means with the same superscript along a column are not significantly different (P<0,05) 
Means with the same subscript across a row are not significantly different (P<0 05) 
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Table 3.7 Mean particle size estimates from empirical equation 
Sauter mean Volume mean 
Treatment® Filkova Friedman Frazer Scott Herring Modified 
and etal.(1952) etal.(1957) etal. and Herring and 
Mujumdar (1964) Marshall Marshall 
(1987) C1955) (1955) 
1 0.065 0.100 0.050 0.043 0.069 0.088 
2 0.059 0.089 0.045 0.038 0.058 0.073 
5 0.064 0.100 0.050 0.042 0.068 0.088 
6 0.054 0.082 0.041 0.036 0.052 0.068 
8 0.054 0.082 0.041 0.036 0.052 0.067 
9 0.059 0.089 0.045 0.038 0.057 0.073 
11 0.064 0.100 0.050 0.042 0.068 0.088 
12 0.054 0.082 0.041 0036 0.052 0.068 
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Table 3.8a Effect of inlet temperature of experimental mean particle diameter 
estimates (mm) 
Sonic siever/Cab-o-SiP 
Analysis algorithm 255° C 265° C 275° C 
arithmetic mean 0.090' 0.079" 0.078" 
geometric mean 0.084' 0.074" 0.072" 
harmonic mean 0.078' 0.070" 0.067" 
lognormal mean 0.093' 0.081" 0.079" 
median 0.091' 0.079" 0.077" 
most frequent 0.085' 0.072" 0.070" 
Sauter 0.112' 0.103" 0.103" 
surface 0.095' 0.085" 0.084" 
volume 0.101' 0.090" 0.090" 
Means with the same superscript across a row are not significantly different CP<0.05) 
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Table 3.8b Effect of inlet temperature of experimental mean particle diameter 
estimates (mm) 
Shaker siever/Cab-o-SiP 
Analysis algorithm 255° C 265° C 275° C 
arithmetic mean 0.114' 0.093" 0.084" 
geometric mean 0.110' 0.090" 0.081" 
harmonic mean 0.105' 0.086" 0.078" 
lognormal mean 0.120' 0.098" 0.088" 
median 0.129' 0.102" 0.091" 
most fi*equent 0.125' 0.099" 0.087" 
Sauter 0.123' 0.104" 0.095" 
surface 0.116' 0.096" 0.086" 
volume 0.119' 0.098" 0.089" 
Means with the same superscript across a row are not significantly different (P<0.05) 
78 
Table 3.8c Effect of inlet temperature of experimental mean particle diameter 
estimates (mm) 
Shaker siever/Zeofree 80® 
Analysis algorithm 255°C 265° C 275° C 
arithmetic mean 0.117' 0.089" 0.065= 
geometric mean 0.113' 0.085" 0.061' 
harmonic mean 0.109' 0.081" 0.059= 
lognormal mean 0.123' 0.093" 0.067= 
median 0.132' 0.102" 0.070= 
most frequent 0.125' 0.100" 0.069= 
Sauter 0.128' 0.103" 0.082= 
surface 0.120' 0.093" 0.069= 
volume 0.123' 0.096" 0.073= 
















1. feed tank temperature 
2. pumping rate 
3. inlet (room) dry and wet bulb temperatures 
4. inlet W air dry bulb temperature 
5. atomizer speed 
6. residue on chamber's wall 
7. outlet hot air dry bulb temperature 
8. product collection bucket 6^ 'oulb temperature 
9. collected product (spray dri^ soymilk) 
10. exhaust air dry and wet bulb temperatures 
11. velocity pressure 
Figure 3.1: Spray drying system diagram 
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Appendix 3-A 
Experimental Mean Particle Diameter Estimates 
Experimental results from ultrasonic sieving (mm) 
Treatment' Replicate Most 
frequent 
Median Geometric Geometric/ Harmonic 
lognormal 
Arithmetic Surface Volume Sauter 
1 1 0.074 0.085 0.078 0.086 0.076 0.081 0.085 0.088 0.096 
2 0.064 0.071 0.066 0.072 0.062 0.072 0.078 0.085 0.102 
2 1 0.067 0.073 0.070 0.076 0.065 0.076 0.083 0.090 0.106 
5 1 0.079 0.088 0.083 0.091 0.079 0.087 0.091 0.096 0.104 
2 0.057 0.063 0.061 0.066 0.056 0.066 0.073 0.080 0.097 
6 1 0.084 0.090 0.086 0.094 0.079 0.092 0.097 0.103 0.114 
2 0.079 0.085 0.079 0.086 0.074 0.084 0.090 0.095 0.107 
3 0.074 0.079 0.074 0.081 0.069 0.079 0.085 0.091 0.104 
8 1 0.091 0.098 0.088 0.097 0.082 0.094 0.099 0.104 0.113 
9 1 0.063 0.076 0.073 0.080 0.068 0.079 0.085 0.091 0.106 
11 1 0.070 0.069 0.063 0.069 0.059 0.068 0.074 0.081 0.095 
2 0.074 0.082 0.075 0.083 0.070 0.080 0.085 0.090 0.101 
12 1 0.079 0.084 0.078 0.085 0.072 0.084 0.090 0.096 0.110 
2 0.079 0.090 0.086 0.094 0.080 0.091 0.097 0.102 0.113 
" Missing treatments were not feasible and no data were collected. 
Experimental results from Ro-Tap® sieving using Cab-o-Sil® as dispersion agent (mm) 
Treatment" Replicate Most 
frequent 
Median Geometric Geometric/ Harmonic 
lognormal 
Arithmetic Surface Volume Sauter 
1 1 0.099 0.104 0.091 0.099 0.089 0.092 0.094 0.095 0.098 
2 0.091 0.075 0.067 0.074 0.064 0.070 0.073 0.077 0.083 
2 1 0.095 0.102 0.089 0.097 0.086 0.092 0.094 0.097 0.101 
5 1 0.118 0.132 0.115 0.126 0.112 0.118 0.120 0.122 0.125 
2 0.074 0.080 0.069 0.076 0.066 0.072 0.075 0.078 0.085 
6 1 0.133 0.141 0.119 0.130 0.116 0.122 0.124 0.126 0.130 
2 0.118 0.108 0.094 0.103 0.090 0.098 0.101 0.104 0.109 
3 0.074 0.084 0.079 0.086 0.076 0.082 0.085 0.087 0.093 
8 1 0.125 0.138 0.116 0.127 0.111 0.121 0.124 0.126 0.131 
9 1 0.074 0.081 0.072 0.079 0.069 0.075 0.078 0.082 0.090 
11 1 0.084 0.084 0.075 0.082 0.071 0.079 0.082 0.085 0.092 
2 0.074 0.086 0.075 0.082 0.072 0.078 0.080 0.083 0.087 
12 1 0.125 0.110 0.097 0.106 0.092 0.101 0.105 0.108 0.115 
2 0.124 0.131 0.114 0.125 0.112 0.116 0.118 0.120 0.124 
" Missing treatments were not feasible and no data were collected. 
Experimental results from Ro-Tap® sieving using Zeofree 80® as dispersion agent (mm) 
Treatment" Replicate Most 
frequent 
Median Geometric Geometric/ Harmonic 
lognormal 
Arithmetic Surface Volume Sauter 
1 1 0.088 0.093 0.079 0.086 0.076 0.081 0.084 0.086 0.091 
2 0.088 0.092 0.075 0.082 0.070 0.079 0.083 0.087 0.095 
2 1 0.079 0.084 0.072 0.078 0.068 0.076 0.079 0.083 0.091 
5 1 0.133 0.118 0.098 0.107 0.093 0.102 0.105 0.108 0.114 
2 0.074 0.068 0.063 0.068 0.059 0.067 0.071 0.076 0.086 
6 1 0.133 0.139 0.115 0.126 0.111 0.119 0.122 0.124 0.129 
2 0.100 0.105 0.100 0.109 0.095 0.104 0.107 0.110 0.117 
3 0.074 0.077 0.065 0.071 0.062 0.068 0.071 0.075 0.083 
8 1 0.141 0.152 0.124 0.136 0.119 0.128 0.131 0.134 0.138 
9 1 0.100 0.107 0.088 0.096 0.083 0.092 0.096 0.099 0.106 
]1 1 0.088 0.082 0.070 0.076 0.065 0.074 0.078 0,083 0.093 
2 0.045 0.050 0.049 0.053 0.047 0.052 0.056 0.061 0.073 
12 1 0.133 0.125 0.104 0.114 0.099 0.109 0.113 0.116 0.123 
2 0.064 0.062 0.058 0.063 0.055 0.060 0.063 0.067 0.074 
" Missing treatments were not feasible and no data were collected. 
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Mean particle size estimates from empirical equation (mm) 
Sauter mean Volmne mean 
Treatment Replicate Filkova Friedman Frazer Scott Herring Modified 
and etal. etal. etal. and Herring 
Mujumdar (1952) (1957) (1964) Marshall and 
(1987) (1955) Marshall 
(1955) 
1 1 0.065 0.100 0.050 0.043 0.069 0.088 
2 0.064 0.100 0.050 0.042 0.068 0.088 
2 1 0.059 0.089 0.045 0.038 0.058 0.073 
5 1 0.064 0.100 0.050 0.042 0.068 0.088 
2 0.064 0.100 0.050 0.042 0.068 0.088 
6 1 0.054 0.082 0.041 0.036 0.052 0.068 
2 0.054 0.082 0.041 0.036 0.052 0.067 
3 0.054 0.082 0.041 0.036 0.052 0.068 
8 1 0.054 0.082 0.041 0.036 0.052 0.067 
9 1 0.059 0.089 0.045 0.038 0.057 0.073 
11 1 0.064 0.100 0.050 0.042 0.068 0.088 
2 0.064 0.100 0.050 0.042 0.068 0.088 
12 1 0.054 0.082 0.041 0036 0.052 0.067 
2 0.054 0.082 0.041 0.036 0.052 0.068 
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CHAPTER 4 
CHARACTERIZATION OF A SPRAY DRYING SYSTEM FOR SOYMILK 
Submitted in part to Drying Technology 
Fernando Perez-Munoz and Rolando A. Flores 
Abstract 
Soymilk slurries were spray dried at various combinations of inlet hot air temperature 
(255, 265 and 275 "C), feed pumping rate (0.38 and 0.57 Lpm), and rotary atomizer speed 
(19,300 and 26,800 rpm). Monitored dryer parameters included dry and wet bulb temperatures 
of inlet air at room temperature, drying chamber's inlet and outlet hot air temperatures, exhaust 
air dry and wet bulb temperatures, product collection bucket temperature, feed tank temperature, 
velocity pressure at the exhaust pipe, rotary atomizer speed, and feed pumping rate. Weather 
data was also included in the analysis. 
A psychrometric analysis of the spray dryer, based on collected data, estimated the ideal 
state of the air at the outlet of the drying chamber assuming an adiabatic saturation process. 
Estimated data fell well below measured data. Equations to predict outlet (R- = 0.99) and 
product (R^ = 0.80) temperatures were developed from collected data. The median heat 
efi&ciency was around 94% while moisture efficiencies were around 88%. Both these efficiencies 
score higher than thermal and evaporative efficiencies reported in literature. 
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Introduction 
Spray drying is a technology which converts liquid slurries into free flowing dry 
particulate matters. Inside the drying chamber, the liquid feed is atomized into fine droplets in 
the presence of a heated gas stream (usually air). Moisture evaporates from the particle surface 
as it is carried by the flowing gas. Evaporation takes place in a few seconds due to the large 
surface area to volume ratio of the particles. 
Spray drying offers several other advantages besides rapid evaporation and the 
consequential short retention times. It delivers a ready-to-pack solid product (powder) of a 
relatively narrow particle size range and moisture content from a liquid feed. These product 
properties can be altered by varying the processing parameters of the dryer. Being a continuous 
operation, spray drying is also suitable for integration into fully automated processing systems. 
It can also be used for heat sensitive or heat resistant materials (Masters, 1972). 
Objective 
The objective of this study was to characterize the spray dryer operation by (a) 
comparing data collected against the "ideal spray drying psychrometric process", (b) establishing 
relationships among the various parameters measured, and (b) calculating process efficiencies. 
Acquisition of this information is instrumental for the development of a computer simulation to 
model the soymilk spray drying process. 
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Review of Literature 
This review of literature is divided into three sections: spray dryers, spray drying process, 
and spray dryer performance. The first section presents a general discussion on the fiindamental 
principles and basic components of spray dryers and includes various applications in the food 
industry. The second section describes a psychometric analysis of the drying dynamics; which 
will be used later to examine collected spray dryer data. Finally, spray dryer performance will 
be assessed in the third section. Efficiency equations are presented. 
Sprav dryers 
Spray drying refers to the removal of moisture firom a fluid (i.e. feed) by breaking it into 
small droplets in the presence of a hot medium (i.e. gas) to obtain a solid form. Spray dryers are 
all those devices used for spray drying. Classification of spray dryers can be done in various 
ways according to design specifications. Direction of gas flow relative to the feed flow, 
atomizing method, method of heating the gas, type of gas used and orientation of the drying 
chamber are some of the categories used to describe spray dryers (Hall and Hedrick, 1971). 
There are four basic components to every spray dryer regardless of the specific 
configuration: feeding, atomizing, drying, and product recovery systems. A simplified 
representative diagram of a spray drying system is shown in figure 3.1. Basically, the spray 
drying process starts as the liquid feed is pumped into the drying chamber through an atomizing 
system; which forms spherical droplets 10 to 250nm in diameter (Hall and Hedrick, 1971). 
Inside the drying chamber, a stream of heated gas traps the droplets and carries them fi^om the 
drying chamber to the product recovery system. Evaporation takes place in a few seconds as the 
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relatively cool droplets are in contact with the hot gas. The product recovery system will 
separate and collect the dried product before exhausting or recycling the air stream. 
Feeding systems. Feeding systems include holding and feed tanks, filters, pumps, 
and related piping. Holding tanks are those were the feed is stored while waiting to be dried. 
These tanks must be of such capacity as to allow continuous operation of the dryer; even under 
intermittent supply of feed to the tanks. According to Masters (1972), it is typical to have two 
holding tanks and used them alternatively to ensure continuous operation of the dryer. Filters 
(or strainers) are placed at the outlet of the holding tanks to remove all matter which might cause 
partial or total blockage of the atomizer and affect dryer performance. 
Pumps transfer the feed through pipes directly onto the atomizer or via feed tanks; which 
maintain a constant pressure head. Selection of the pump depends on feed properties and type 
of atomizer to be used. Piping is selected according to the feed properties. For food products, 
for example, pipes typically are made of stainless steel while corrosion resistant materials must 
sometimes be used in the chemical industry. In any case, piping layout is such as to allow easy 
cleaning and maintenance of the whole feeding system (Masters, 1972). Other processes, such 
as preheating and pH adjustments, can be added to the feeding system as the specific application 
so requires to precondition the feed prior to drying. 
Atomizing systems. The purpose of atomization is to break the feed into small droplets 
of large surfece area. Droplet size must be small enough as to allow sufficient dehydration of the 
particle before reaching the chamber wall. Large surface area improves heat and moisture 
transfer between the drying gas and the droplet (Hall and Hedrick, 1971). 
The two most common forms of atomizers are nozzle and rotary. Rotary atomizers can 
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be either disks (vaneless plates, cups, or inverted bowls) or wheels (with vanes or bushings). As 
the rotary atomizer spins, the feed introduced at the spinning axis of the atomizer accelerates 
towards the periphery where it breaks into a mist. 
Nozzle atomizers use high pressures to force the feed through a small orifice. As the feed 
leaves the nozzle, a film forms which quickly divides into small droplets. Sprays fi^om these 
nozzles are generally less homogeneous and coarser than those formed by some rotary 
atomizers, but form powders with good free flowability (Master, 1972). 
In some types of nozzles, the feed and atomizing gas are independently transferred to the 
nozzle head. As the feed is forced out of the nozzle, jets of high velocity gas help disintegrate 
the feed film to produce veiy fine droplets. This type of nozzle is termed two-fluid nozzle. 
Although expensive to operate, two-fluid nozzles are suitable for high viscosity fluids and can 
be used in small diameter drying chambers (Masters, 1972). 
Drying systems. The drying system is composed of the gas delivery system and the 
drying chamber. The gas delivery system provides low moisture heated gas into the drying 
chamber and ensures proper mixing of the drying gas and the atomized feed. Gas delivery 
systems for air include filters, centrifiigal type fans, direct or indirect heating elements, and 
related ducts for delivery and distribution of the drying air. More complex systems are required 
for some drying medias (usually close systems using gases other than air) to capture, recondition 
and recycle the drying gas after removal of the dried droplets. 
The drying chamber must be designed to provide residence times and flow patterns for 
the heated gas/feed droplet mixture which allow desired droplet moisture reduction without 
degradation of the feed properties and/or deposit build up on the chamber's wall (Masters, 1972; 
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Hall and Hedrick, 1971). The direction of flow of feed droplets relative to the drying gas 
influences residence times and flow patterns in the drying chamber; and is used to classify spray 
dryers into co-current, counter-current, and mixed flow. Co-current spray dryers are those were 
the direction of the gas flow is the same as that of the feed droplets (i.e. gas and feed inlet are 
on the same end of the dryer). 
The direction of the air flow for counter-current dryers is opposite to that of the feed 
droplets. Nfixed flow dryers can be viewed as a combination of co-current and counter-current 
dryers. The feed droplets entering at the bottom of the drying chamber encounter a counter-
current flow of gas coming down from the top of the chamber. As the droplets dry, they are 
carried by the gas and taken back to the bottom of the chamber (co-current flow). 
Product recovery systems. Product recovery systems intend to separate and collect the 
dried feed (product) from the drying gas. Product separation can be done in one or two stages 
depending on the allowable amount of product lost to the exhausted air. The first separation 
stage utilize equipment such as cyclones, filter bags, and/or electrostatic precipitators to 
sequester the product. Cyclones are frequently used because of low cost and maintenance 
requirements, but cannot achieve 100% efficiency even when a series of them are connected in 
sequence (Masters, 1972). 
In cases where product recovery must be complete or loses must be minimized, filter 
bags can be used. These bags have 100% removal efficiency, but require strict cleaning and 
maintenance routines (Masters, 1972). Another alternative is to have a second separation stage 
using wet equipment (i.e. wet scrubbers, wet cyclones, irrigated fans) following the dry 
equipment. In most cases, however, the product collected at this second stage cannot be 
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economically recovered and must be wasted. 
Applications. Spray drying is widely used in many applications ranging from metallurgy 
to pharmaceutical to food processing. Some typical examples of spray dried food products are 
milk (non-fat), instant coffee and tea, eggs, flavoring compounds, meats, fruit pulps, juices and 
pastes, and vegetable and grain slurries. A more specialized application is the production of 
soybean protein isolates by spray drying filtered and concentrated soy protein slurries (De, 
1979). 
Sprav drying process 
The moisture removed from the droplets during spray drying is typically water or an 
organic solvent. The drying media is either air or an inert gas. Without lost of generality, and for 
simplicity during this discussion, the drying gas will be assumed to be air and the removed liquid 
to be water. 
Feed water can be either bound or unbound (also called bulk-phase). Unbound water has 
properties similar to pure water in a dilute salt solution and occupies positions furthest away 
from nonaqueous components. Bound water exists close to nonaqueous components and its 
properties significantly deviate from those of pure water (e.g. does not freeze at -40° C) 
(Fennema, 1985). 
Masters (1972, p. 42) defines drying as the "removal of water from the feed to the extent 
of leaving its soUds in a completely or nearly moisture-free state". In other words, drying is the 
removal of all the unbound water and most of the bound water from the feed solids. Removal 
of water from the feed droplets during spray drying is a consequence of a difference in partial 
vapor pressure between the droplet and its surrounding air. A difference in partial vapor pressure 
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causes the droplet's water to be transferred onto the air. The droplet moisture content at which 
the vapor partial pressure of the droplet equals that of the air is termed the equihbrium moisture 
content (Heldman and Singh, 1981). 
Moisture transfer is enhanced in the presence of heated au". A temperature gradient 
between the drying air and the feed droplet induces heat transfer onto the droplet. The heat 
gained by the droplet provides energy necessary to vaporize feed water. As air temperature 
increases so does its vapor holding capability, thus, the resulting equilibrium moisture contents 
of the droplets decreases. 
Several authors (Hall and Hedrick, 1971; Masters 1972; Geankoplis, 1978) have reported 
that unbound feed water evaporates at a constant rate while bound water does at a rate 
proportional to the residual moisture content of the droplet (i.e. falling rate). Furthermore, during 
the constant drying rate period, heat transferred onto the droplet will return to the air in the form 
of water vapor leaving the feed droplet. This is, none of the transferred energy goes into 
elevating the droplet's temperature as occurs during the falling rate drying period. Caric (1994) 
reported the product temperature leaving .-the drying chamber is 20-30° C lower than the air 
temperature at the chamber's outlet. 
Psychrometrics. The drying principles as seen by the drying air can be explained 
using psychrometrics. Psychrometrics is the study of moist air (i.e. air containing water vapor). 
The state of the air at any time is defined by the value of its various properties. These properties 
include barometric pressure, partial vapor pressure, saturated partial vapor pressure, dry bulb 
temperature, wet bulb temperature, dew point temperature, enthalpy, relative humidity, humidity 
ratio (also called absolute humidity), and density (or its inverse, the specific volume). 
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For an ideal gas, the aforementioned properties have such interrelationships that 
knowledge of the value of only three of them is sufiBcient to define the remaining. According 
to Albright (1990) standard atmospheric conditions of 101,325 Pa and IS'C are typically chosen 
for psychrometric calculations. It then follows that when comparing air states one of the three 
properties used to define the state must be either a barometric temperature of 101,325 Pa or diy 
bulb temperature of 15° C. 
Albright (1990) fiirther states that the error introduced by assuming air as an ideal gas 
is generally less than 1%. Estimates of the mathematical relationships among the various air 
properties can be found in basic physics, thermodynamics, and other texts on related subjects. 
A change in the state of moist air resulting firom individual or combined fluctuations of 
thermal energy or water vapor is called a psychrometric process. (Albright, 1990). The four main 
psychrometric processes are sensible heating or cooling, cooling with dehumidification, 
adiabatic mixing, and evaporative cooling or adiabatic saturation. Sensible heating (cooling) 
refers to increase (decrease) in air temperature without changes in humidity ratio. Cooling with 
dehumidification is a process in which the air temperature is depressed below the dew point 
temperature causing condensation an excess water vapor. During adiabatic mixing, two or more 
streams of air with different states combine to produce one stream of air. The resulting state of 
the final stream will be determined by the initial thermal energy and water vapor of the 
combining streams. Evaporative cooling or adiabatic saturation is the process of increasing the 
air humidity without addition of thermal energy. 
Psychrometric analysis of a spray dryer. The spray drying process can be explained 
as a sequence of psychrometric processes as shown if figure 4.1. As the air enters the gas 
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delivery system (A in figure 4.1), it is filtered and heated to the desired temperature (B in figure 
4.1). In some spray dryers the heating method is such that no moisture is gained by the air (i.e. 
electric heaters as opposed to open flames). Air in ±ese diyers is sensibly heated. 
After heating the air, it is delivered to the drying chamber and mixed with the stream of 
atomized feed. As the mixture equilibrates other psychrometric processes take place. Ideally, all 
energy exchange between the hot gas and the droplets during spray drying should be used for 
moisture evaporation. Energy transferred to the droplets would then return to the gas in the form 
of water vapor. Such a psychometric process could be assumed to be of an adiabatic saturation. 
As mentioned before, only evaporation of unbound water occurs without increases in the droplet 
temperature. Thus, only drying during the constant rate period can be explained as an adiabatic 
saturation process (C in figure 4.1). 
Both moisture and energy transfer occur during the falling rate period. The air gains 
moisture and loses energy while the droplets gain energy and lose moisture. Using 
psychrometrics, drying during the falling rate period could be explained as a combination of 
adiabatic saturation (D in figure 4.1) and sensible cooling (E in figure 4.1). The state of the air 
leaving the drying chamber is marked F in figiore 4.1. It must be noted, however, that the dried 
droplets (product) are separated fi^om the air long before their temperature reach that of the air 
(Masters, 1972). 
The mixture of drying air and dried droplets leaves the drying chamber to enter the 
product recovery system (i.e. cyclone separator). As it travels through the cormecting pipes, 
some of the air's heat is lost to the pipe's wall. If the absolute humidity of the drying air is too 
high, condensation occurs when the temperature of the air decreases below its dew point 
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temperature due to heat loses (cooling with dehumidification). Condensation inside the 
connecting piping leads to product loses since the product sticks to the condensed water droplets. 
Spray drver performance 
Masters (1972) defines two types of efficiencies to measure spray dryer performance; 
overall thermal efficiency, and evaporative efficiency. Overall thermal efficiency (equation 4.1) 
mUt room 
refers to that portion of the total heat added to the air that is used for evaporation of the feed 
water. It increases with drying temperature and solids content of the feed. (See appendix I for 
a list of the nomenclature used throughout this document.) 
Hall and Hedrick (1971) included the correction factor (1 - R/lOO) in equation 4.1 to 
account for radiation losses of the dryer. These authors defined the radiation loss factor, R, as 
the heat lost by the air to the atmosphere through the chamber walls expressed in percent of 
temperature drop in the dryer. Hall and Hedrick (1971), however, offered no information on 
typical R values or procedures for estimating it for spray dryers. 
Thermal efficiency using dry bulb temperatures, however, is not an accurate descriptor 
of drying process efficiency. Drying efficiency can be better assessed using a property of the air 
which reflects heat utilization for evaporation and moisture absorbance capacity of the air. Heat 
efiBciency (equation 4.2) was defined by this author as the ratio of heat transferred by the air to 
=  X  1 0 0  ( 4 . 2 )  
•near (U U \ 
^room  ^
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the product whfle passing through the drying chamber to the total heat added to the air at the 
dryer's inlet. Heat changes were calculated as the change in enthalpy of the air (rather than dry 
bulb temperatures) to include changes in energy and moistiare. This calculation assumed 
negligible air leaks, thus constant air mass flow through the drying chamber. 
Total heat added was obtained using inlet air dry bulb temperatures at room temperature 
and after heating. Inlet hot air and outlet dry bulb temperatures were used for estimation of heat 
used for evaporation. Humidity ratios used for enthalpy calculation of inlet air at room 
temperature and after heating are obtained from dry and wet bulb room air temperatures. This 
assumes the air is sensibly heated (without moisture gain). Humidity ratios at the outlet can be 
estimated by measuring dry and wet bulb temperatures of the exhausted air. 
The other performance appraisal parameter for a spray dryer given by Masters (1972) is 
the evaporative efl5ciency (equation 4.3). The evaporative efSciency is the ratio of the actual 
evaporative capacity to the ideal one (i.e. when the exhausted air is saturated). This efiBciency 
X 100 (4.3) 
into outlet, saturated 
assumes adiabatic saturation is the only psychrometric process occurring during drying. As 
previously discussed, such an assumption is not appropriate during the falling rate drying period. 
A rather different definition for evaporative efiBciency was provided by Hall and Hedrick 
(1972). These authors define evaporative efBciency as the mass of water evaporated per unit 
time. Such definition is rather vague and appears meaningless because it provides no benchmark 
or ideal case data for comparison and does not consider the water absorption capacity of the 
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drying air. 
The researchers defined moisture efficiency (equation 4.4) as the increase in vapor partial 
pressure of the air divided by the maximum possible increase in vapor partial pressure at 
«  =  — —  X  1 0 0  ( 4 . 4 )  
\mctsturt Pv . Pv 
tnlet outlet, saturated 
the outlet of the drying chamber. The maximum possible partial pressure is the saturation partial 
pressure minus the initial vapor pressure of the air. If there is no moisture gain or lost after the 
air-product mixture leaves the drying chamber, exhaust air data can be used to estimate outlet 
conditions. 
Product yield was obtained by dividing the dry weight of collected powder by the 
estimated dry weight of solids in the liquid feed. This computation is shown in equation 4.5. 
Yield = weig/zr of collected product ^ jqq ^4 5^ 
( liquid feed volume Jo//Vis)] 
Materials and Methods 
Materials and methods used for production of spray dried sojTnilk were described in 
chapters 2 and 3 of this manuscript. The experimental design followed is outlined in Table 
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Spray drver data coUection 
Data were collected using a Gateway 2000 computer (North Sioux City, SD. Model no. 
P4D-66). The computer was equipped with data acquisition and expansion boards of the 
Keithley MetraByte™ DAS-1600 series (Keithley Instruments Data Acquisition Division. 
Taunton, MA) (appendix 4-A). Automated data logging included dry and wet bulb temperatures 
of inlet air at room temperature, dry and wet bulb temperatures of exhaust air and product 
collection bucket temperature. T-type thermocouples (Omega Engineering, Inc., Stamford, CT, 
Model no. 5TC-TT-T-24) were used for temperature measurement. 
Atomizer speed, as well as inlet and outlet hot air temperatures, were read and manually 
logged directly from the digital displays on the dryer's control panel. Air velocity pressure 
through the exhaust pipe was also manually logged. Air velocity pressure was measured using 
a Dwyer pitot tube (Model no. 167-12, Michigan City, IN) and a series 2000 Magnehelic® 
(Dwyer, Michigan City, IN) differential pressure gauge calibrated for 0 to 125.4 Pa (0 to 0.5 
inches of water). All data measurements were taken every minute and properly saved for later 
analysis. 
Finished dried product was collected, weighted, packed in clear plastic bags (2 mil) and 
stored in a cooler at 2.8°C (37°F). Residue remaining in the chamber walls was monitored in 
two ways. First, the depth of residue was measured with a caliper at about 15, 30, 45 and 60 
centimeters from the chamber ceiling. Measurements were recorded only at one location; five 
centimeters to the left of the chamber door. For the second measurement, residue was scrapped 
from the chamber's walls and ceiling and collected. The weight of the collected powder was 
recorded. 
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Residue data was gathered as an indication of process performance. It was assumed that 
a treatment combination resulting in little or no residue is desirable. The rationale for this 
assumption is that product accumulated in the chamber walls will affect the physical 
characteristics of the drying chamber by effectively decreasing the drying volume and altering 
heat transfer processes between the moving fluids and the chamber walls. Furthermore, product 
accumulated in the form of residues will receive a more intense heat treatment than the flowing 
product captured in the collection bucket. The difference in heat treatment received by both 
powder might be reflected in properties such as color, final moisture content, extent of protein 
denaturation, and solubility. 
Results 
Hurdles in data acquisition 
Several obstacles encountered during the study impaired the researchers ability to collect 
all desired data. First, ahnost all treatments at the 60% (0.57 Lpm) pumping rate level were 
unattainable. Condensation and wetting occurred inside the chamber before the treatment's 
operating conditions were reached. It was observed that such occurrences coincided with levels 
of atmospheric relative humidity above 50%. Not enough data was available to statistically 
support this observation. 
Analysis to test a hypothesis relating pumping rate to atmospheric relative humidity 
required information on the moisture content of inlet and exhaust air. That information was lost 
for the first replication as the wet bulb thermocouples were improperly set. 
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Another drawback during the data collection process was the inability to read atomizer 
speeds after the display at the control panel went down. This event, however, did not affect the 
experiment. Atomizer speed was set by fixing the atomizer speed control dial to a specific 
location as opposed to adjusting the control dial until the desired speed was shown in the digital 
display. Display failure happened for most of the treatments on the second replication of the 
experiment. Collected data, however, was enough to verify the accuracy of the dryer's internal 
controller in maintaining the atomizer speed at the desired levels. 
A watt-hour meter was installed to monitor electric power consumption on the dryer. 
Delays during the installation process, however, limited the amount of collected data to just a 
few runs. 
Collected data 
Average values for automated and manually collected data during spray drying runs are 
presented in tables 4.1a and 4.1b. Collected data on the residues is presented in table 4.2. 
Missing data on these tables are represented by a hyphen (-). 
Discussion of Results 
Literature reviews, pilot runs and preliminary testing of the spray dryer made the 
researchers aware of variations in the inlet hot air temperature and the atomizer speed. Such 
variations occurred while the dryer was running and no change in setting had been done. The 
question arose on whether or not the observed fluctuations caused the average value to deviate 
fi-om the desired setting point. 
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The need to answer this question moved the authors to monitor inlet hot air temperature 
and atomizer speed. Average values for each run were calculated for these variables and 
correlated to the actual settings on the dryer's control panel. This correlation value was close to 
unity in both cases. Such result proved the accuracy of the controller in maintaining the desired 
settings at the levels tested within this study. 
Effect of atmospheric conditions 
The various treatments of the experiment were conducted on different days. Barometric 
pressure for the experiments' days ranged between 100,930 Pa and 103,640 Pa with an average 
of 102,356 Pa. Any attempt to make comparisons between days required temperatures to be 
expressed at the standard pressure of 101,325 Pa. 
Standardization of dry bulb temperatures for room and exhaust air was achieved using 
psychometric equations as reported in the ASAE Standards (1990) and presented in appendix 
4-B. ^pendbc 4-C shows average standardized and unstandardized dry bulb room and exhaust 
temperatures. Values shown in the table are very close to each other (for the same type of 
temperature); the correlation coefficient of 1.00 was signijficant to the 0.0001% level in both 
cases. This result implies that, for the ranges of pressure considered, standardization of the 
temperatures did not need to be done prior to analyzing collected data. Unstandardized measured 
data could be used for the analysis assuming the standard pressure of 101,325 Pa without 
incurring in significant errors. 
Obtained values fi^om correlation analysis between dryer parameters and atmospheric 
factors were, in general, low. None surpassed the r = 0.80 limit set by the researchers as a 
minimum to be considered relevant. Such limit was selected assuming that the probability of 
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having correlation values above 0.80 caused by fate was minimal. Thus, solid inferences could 
be made from the analysis of collected data. Some moderate correlations (0.46 to 0.63) were 
significant even at the 0.05% level. The suggested relations, however, were not theoretically 
consistent and were attributed to chance. 
As mentioned before, unattainable treatments at the 60% pumping rate level coincide 
with atmospheric relative humidities above 50%. It was, then, of special interest to test for a 
possible relationship between the atmospheric humidity ratio and humidity ratios of the inlet and 
exhaust air. Correlations obtained from the limited data of six treatments were very low and not 
significant at the 0.10% level. 
Drying chamber parameters 
Temperature drop across the drying chamber. The ideal psychrometric process for 
a spray dryer is that where the drying air saturates adiabatically. The outlet temperature for such 
a drying process is the wet bulb temperature corresponding to the selected inlet hot air 
temperature. Wet bulb temperatures can be found in a psychrometric chart (or using equations) 
when knowledge of the inlet temperature and initial humidity ratio of the drying air is on hand. 
Thus, the relationship between the inlet temperature and its corresponding wet bulb temperature 
is not linear, but dependent on the humidity ratio. However, assuming a small range of inlet 
temperatures and negligible variations in humidity ratio of the inlet air, outlet temperatures can 
be linearly related to inlet temperatures. 
Figure 4.2 shows collected outlet temperature data plotted against corresponding inlet 
hot air temperatures. Data points connected with the same line represent the same combination 
of atomizer speed and rate pumping rate. Each data point in the figure represents the average 
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value of available replications. The figure also shows theoretical (adiabatic saturation) wet bulb 
temperatures for inlet temperatures of255, 265, and 275° C (appendix 4-E and table 4.3). The 
humidity ratio used for estimation of theoretical outlet temperatures was 0.00496 kg of water per 
kg of dry air, the average of all inlet himiidity ratio data. Adiabatic saturation temperatures 
obtained by using the maximimi and minimum measured values of inlet air humidity ratio fell 
within ±1°C, respectively, of the temperatures obtained using the average value of inlet air 
humidity ratio data-
Two main observations can be drawn from the figure. First, measured data shows a larger 
increase in outlet temperature when the inlet temperature increases fi^om 265° C to 275° C than 
when it increases firom 255° C to 265° C for the same combination of atomizer speed and 
pumping rate. Second, increases in outiet temperature with increases of inlet temperature were 
greater at the lower level of atomizer speed (i.e. 19,300 rpm). These two observations suggest 
a direct relation of the outiet temperature not only with the inlet temperature, but with the 
atomizer speed, too. 
A hypothesis to explain the dependence of outiet temperature on atomizer speed requires 
the introduction of a third variable; particle size. (See chapter 3 of this document.) Masters 
(1972) sununaiizes studies fi-om various authors reporting relationships of atomizer speed and/or 
pumping rates with the size of the droplet or (dried) particle. According to that summary, particle 
size increases directiy with pumping rate and inversely with atomizer speed. Thus outiet 
temperature seems to increase with decreases in particle size. As previously discussed, product 
warming needs to occur during the falling rate drying period to remove bound water. 
Temperature increases on the larger, more massive particles demand more energy to be 
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transferred from the air than the smaller particles. The increase demand in heat transfer to 
achieve equilibrium moisture content on the particles results in lower outlet temperatures. 
Another observation can be drawn when comparing measured data to adiabatic saturation 
temperatures. Outlet adiabatic saturation temperatures are about 50° C lower than measured 
temperatures and, in contrast to measured data, adiabatic saturation temperatures fall in a straight 
line. Temperature deviations from the ideal adiabatic saturation temperature were expected for 
two reasons. First, at the ideal adiabatic saturation temperature the air can not hold any more 
water. Air at this state could be potentially harmful to production yields as heat losses pass the 
drying chamber depress the air temperature and cause condensation. Condensed water will trap 
the dried product and cause residue accumulation inside the drying equipment. 
The second reason to expect temperature deviations relates to product wanning during 
the falling rate drying period. Product warming causes a reduction in the energy content 
(enthalpy) of the drying air. Measured data, however, showed and increase in the energy content 
of the air and higher outlet humidity ratio than estimated for adiabatic saturation conditions 
(table 4.3). An explanation for these findings could rely on the error introduced by wet bulb 
temperature measurements. Wet bulb measurements are critical for humidity ratio calculations, 
specially at elevated temperatures, where small changes in wet bulb temperature correspond to 
large changes in humidity ratio and enthalpy of the air. 
Outlet temperatures were estimated using inlet temperature and humidity ratio. Equation 
4.6 has a coeflBcient of determination (R^) of 0.99 and standard error of the estimates equal to 
"^outia ~ ^5.482 
- 40759.3 (4.6) 
+ 380.86 
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0.38. Inlet and outlet temperatures are given in Kelvin and the humidity ratio in kg of water per 
kg of dry air. Even better estimates were obtained when the inverse of the atomizer speed was 
considered in the regression analysis. The variable, however, was not included in the analysis 
since the resulting degrees of freedom were too low. 
Outlet and product temperatures. Produa temperature was measured as the product 
accumulated inside the collection bucket. According to Masters (1972) the feed (droplets) 
residence time inside the dryer is not sufiBcient to allow temperature equilibrium with the drying 
air. Data collected during spray drying runs is consistent with that observation. Figure 4.3 shows 
collection bucket temperatures plotted against outlet temperatures. With the exception of one 
outlier data point, product temperatures seem to follow outlet temperatures. In fact a correlation 
coefificient (r) of 0.66 is obtained when the outlier data point is not considered. 
Ideally, all energy exchange between the hot gas and the droplets should be used for 
moisture evaporation (adiabatic saturation). Energy transferred to the droplets would then return 
to the gas in the form of water vapor. As previously discussed, adiabatic saturation and sensible 
cooling occur during the falling rate drying period. For this reason, it was expected for 
temperature changes of the drying air (Tj^jt - not to be explained by increases in humidity 
ratio alone (Wo„det - Indeed, a low coefiBcient of determination (r^ = 0.09) was found 
between changes in temperature and humidity ratio of the drying air; suggesting the air is losing 
heat to the drying chamber walls and/or to the product (i.e. product wanning). 
Heat losses to the chamber walls are proportional to the physical properties of the wall 
materials and the temperature gradient across the wall. The properties of the wall materials can 
be assumed to be constant or dependent upon temperature. In any case, they will be proportional 
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to the inside temperature and could be accounted for by the regression algorithm. This is not the 
case for heat transferred to the product because its heat and moisture transfer properties are 
affected by the moisture content. 
Excess heat transferred to the product would be reflected as an increase in the product 
temperature measured in the product collection bucket. A regression model was fitted to test this 
hypothesis. Independent variables found to be significant in the analysis included; outlet 
temperature in Kelvin and the ratio of volumetric feed pumping rate (Q) in liters per 
minute O^pm) and atomizer speed (co) in revolutions per minute (rpm). The later interaction is 
based on particle size diameter reports from various researchers and summarized by Masters 
(1972). This ratio is an indicator of the droplet size and, thus, its mass content. 
~ 0-115 
- 1485261 ^ (4.7) 0} 
+ 324.79 
A 0.80 coefiScient of determination (R") was obtained for equation 4.7 (standard error 
for the estimates was 3.45). Figure 4.4 shows a plot of measured vs. estimated temperatures 
using equation 4.7. Inclusion of inlet humidity ratio data in the regression analysis yielded better 
estimates of the product temperatures. It must be noted, however, that addition of these data 
actually constrained available data to six treatments. Also, the pumping rate for many of the 
treatments included in the analysis was 40%. The interaction term, therefore, reflects mostly 
changes in atomizer speed alone. More data is needed to improve the accuracy of the equation. 
Outlet and exhaust temperatures. The mixture of dried feed droplets (product) and 
heated air left the drying chamber to enter the product recovery system. After separation and 
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collection of the product, the heated air is exhausted. The product recovery system used in this 
study consisted of a cyclone separator and piping necessary to transport the air-product mix from 
the drying chamber to the cyclone and exhaust the air after separation. Both the cyclone and 
piping are made of stainless steel with no insulation. This type of system provided minimal to 
no opportunities for change in humidity ratio of the drying air to occur, but allowed considerable 
heat losses. 
Figure 4.5 shows a plot of exhaust versus outiet dry bulb temperatures. The r = 0.97 
obtained between these two temperatures suggests that, as expected, differences among the two 
temperatures are mainly due to heat losses to the exhaust pipe. This difference ayeraged 7.3 with 
a standard deviation of 3.0. 
Dryer efficiencv 
Calculated eflSciencies are shown in table 4.4. Thermal efficiency of the spray dryer was 
calculated using dry bulb temperature values as in equation 4.1. It provides an estimate of the 
portion of sensible heat added by the heaters to the air which was used during drying. The 
radiation loss factor, R, was assumed to be zero (negligible losses) for this analysis. 
Thermal efficiencies (table 4.4) of about 66% seemed typical among runs. This result 
suggests there is some energy which could be recovered. Donhowe et al. (1989) reported on the 
recovery of some of that wasted sensible heat by using a shell-and-tube heat exchanger to 
preheat the air before entering the dryer's heaters. They found the use of the heat exchanger to 
reduce total energy consumption by 12 to 28%. 
Heat efficiencies (table 4.4) ranged between 78.69% and 120.61% with a median of 
93.66%. It must be noted that some of the heat used, and accounted for by the calculated 
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efBciency, goes into heating the product and losses to the chamber walls. The degree of 
desirability of heat transfer to the product would depend on the particular application. 
Moisture eflBciendes (table 4.4) were around 88%, roughly 10 percentage points higher 
than evaporative efiBciencies. These high eflBciency values indicate the exhaust air is close to 
saturation; which explains why the higher level of pumping rate (i.e. 0.58 Lpm) could not be 
achieved. During the calculation process of the moisture efficiency, it was noted the resulting 
value was highly sensitive to (wet bulb) temperature changes. One degree variations in the wet 
bulb temperature, for example, resulted in approximately six percentage points difference in 
moisture efBciency. As previously noted, there are about seven degrees difference between the 
outlet and exhaust (dry bulb) temperature. Thus, it is possible for condensation to occur within 
the piping of the product recovery system. 
Appendix 4-D shows the dry basis weight of the estimated solids in the feed and total 
solids in the product. Data are also shown for the dry basis weight of collected residues left in 
the dryer after each run. These data were used in equation 4.4, instead of the weight of collected 
product, for calculation of a residues yield. 
Product yields (table 4.4) averaged 38.97%; suggesting the existence of areas for 
improvement in the spray drying process. Residue yields (table 4.4) ranged from 4.36% to 
35.59% with the average around 21%. No attempt was made in this study to fiirther characterize 
the composition or properties of these residues. Residues, in general terms, exhibited browning, 
agglomeration, and produced a sandy sensation to the touch typical of overdried powders. 
A relation between the depth of residues and processing conditions could not be 
established. Furthermore, it was observed during data collection process that distribution of 
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residues in the chamber was not similar between nms. In some instances, one side of the 
chamber accumulated more residues than another. For other runs, residues appear to be evenly 
distributed around the chamber, but more accumulation could be observed at a given height. 
According to Shaw (1990) residue accumulation will take place if the droplets are not 
sufiBciently dry before hitting the wall. Based on that statement, it can be hypothesized that the 
composition of solids in the residues is the same as that in the collected product. It is possible, 
however, for the residues' properties (i.e. color, solubility, extent of protein denaturation, 
residual moisture) to be different from those of the collected product as residues are exposed to 
higher temperatures which can increase protein denaturation and chemical reaction rates. 
Another explanation for the presence of residues in the dryer, more specifically, in the 
pipes leading the air/product mixture into the cyclone, can be drawn from the analysis of the 
moisture efiBciency. As mentioned before, moisture efficiency is very sensitive to changes in wet 
bulb temperatures. The aforementioned pipes are not well insulated and heat is lost from the 
air/product mixture to the pipes. Heat lost will decrease the dry bulb temperature. As the dry 
bulb temperature decreases, so does the wet bulb temperature. The chances for condensation 
wiU, therefore, increase. If condensation occurs, the precipitated moisture will trap some of the 
already dried product. 
Caric (1994, p. 81) states that "long contact with hot air could result in penetration of the 
fet to the particle surface, causing sticking together" of the dried product. Fat roughly accounts 
for 22% (db) of the total solids content of soymilk (chapter 2). Thus, particle agglomeration in 
the form of residues could also be caused by fat emerging to the surface of the particle. 
However, no relation was found between residue yield or depth and processing parameters. 
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A lot of variability was also found for product yields. Typical product yields were less 
than 50% for the drying conditions considered in this study. Product yields ranged between 
18.48% and 50.38% with an average of 39%. This value indicates that only about 39% of the 
total solids in the initial feed were successfiilly captured in the dryer's collection bucket. 
It should also be noted from table 4.4 tliat roughly 40% of the feed solids are 
unaccounted for. These solids were presumably not separated from the air stream inside the 
cyclone separator and were carried away by the exhausted air. According to Hall and Hedrick 
(1971) cyclones are used to separate material between 5 and 200 microns. Furthermore, losses 
from a properly designed cyclone separator range between 0.5 and 3%, depending on the product 
and resulting particle size. "As the size of particle decreases the efBciency of the cyclone 
decreases. A properly designed cyclone will remove 99% of the solids larger than 30^..., 98% 
of material larger than 20 n, 90% of the material larger than lOji, but only 50% of the material 
smaller than 5fi." However, "separation is a fimction of the difference in diameter and density 
of the product and air with the larger values giving more efficient separation." (Hall and 
Hedrick, 1971, p. 86) 
The unaccounted solids could be explained by noticing that utilized soymilks feeds had 
low solids content (7.1% to 10.4%). Upon atomization, a wide range of particle sizes was 
produced. After drying, the smaller diameter particles might have had such masses that 
separation from the air stream inside the cyclone could not be accomplished. It is also possible 
for larger particles to explode during drying due to the elevated temperatures and the sudden 
release of vapor trapped in internal cavities; thus yielding subparticles of very small size and 
mass. In either case, the particles could have remained with the air stream and been exhausted. 
I l l  
Summaiy of Results 
Fluctuations of inlet temperature and atomizer speed settings were observed during spray 
dryer operation, but were found not to significantly deviate fi-om the desired setting. Also, 
standardization of collected room and exhaust data to account for differences in barometric 
pressure showed not to significantly affect the analysis of collected data. 
The state of the drying air measured at the outlet of the drying chamber 
was higher than the estimated fi-om an adiabatic saturation analysis. Based on literature reviews, 
this result was unexpected since no thermal energy is being added to the drying air after mixing 
with the feed droplet. Good estimates of the outlet temperature (R^ = 0.99) were obtained firom 
a regression equation including the inlet humidity ratio and the product of inlet temperature and 
humidity ratio. The difference between outlet and exhaust temperatures was mainly due to heat 
losses to the exhaust pipe walls. 
Findings on product warming were in agreement with literature reports. Estimates of the 
product temperature (R^ = 0.80) were based on collected outlet temperature data and a factor 
proportional to the resulting particle size ^.e. the ratio of pumping rate to atomizer speed). More 
data is needed to improve the accuracy of these equations. 
Calculated efficiencies are shown in table 4.4. Heat efficiencies, as defined by equation 
4.2, were higher than thermal efficiencies and ranged between 78.69% and 120.61% with a 
median of93.66%. These values, however, include heat transferred to the product and the walls 
of the drying chamber. Moisture efficiencies, calculated with equation 4.4, were around 88%; 
roughly 10 percentage points higher than evaporative efficiencies. These high values imply the 
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exhaust air to be close to saturation which explains why condensation on the dryer walls 
occurred at the higher pumping rate level. Moisture eflBciencies were very sensitive to changes 
in wet bulb temperatures. 
Typical product yields were below 50%. This is, less than half of the estimated solids in 
the liquid feed were successfiilly captured in the collection bucket. An average of 21% of the 
total solids were collected as residues from the dryer walls and pipes. The remaining portion of 
solids escaped the dryer with the exhaust air. It was presumed that these missing particles had 
such diameters and masses which impaired their separation from the air inside the cyclone 
separator. Thus, the use of filter bags after the cyclone separator is recommended for spray 
drying soymilk at the processing conditions included in this study. No relation could be 
established between collected data on the depth of these residues and processing conditions. 
Conclusions 
Characterization of the spray dryer operation was performed for the operating conditions 
considered in this study (i.e. inlet hot air temperature, 255 to 275°C; atomizer speed, 19300 to 
26800 rpm(60 to 80%); and pumping rate, 0.38 Lpm (40%)). Collected inlet air data was used 
to estimate the state of outlet air under ideal adiabatic saturation conditions. The experimental 
state of the air at the outlet of the drying chamber was foimd from measured outlet and exhaust 
data. Comparison of ideal and experimental values showed the drying air leaves the chamber at 
a much higher state than expected. 
Relations among dryer parameters were established by fitting regression curves for the 
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outlet (R^ = 0.99) and product (collection bucket) (R^ = 0.80) temperatures. Also, the exhaust 
temperature was found to follow the outlet temperature an average of 7.3° C. 
Calculated heat and moisture eflSdencies were higher than thermal and evaporative 
efficiencies, respectively. Heat efficiencies were about 94% and included heat used in raising 
the product's temperature. Moisture efficiencies were around 88% and were very sensitive to 
wet-bulb temperature fluctuations. Product yields stayed below 50% with roughly 40% of the 
spray dried solids lost with the exhaust air. 
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Table 4.1a Average values of data collected during runs 











1 1 24.07 24.33" 263 125 112.74 99.46" 
2 24.84 14.75 263 106 98.58 60.87 
2 1 25.64 26.22" 262 91 87.11 85.53" 
5 1 24.32 24.68" 254 107 97.50 94.76" 
2 25.28 15.49 252 100 94.00 70.97 
6 1 24.53 25.29" 263 113 103.58 95.09" 
2 23.43 12.29 263 107 97.97 63.30 
3 29.30 20.51 262 107 101.32 62.15 
8 1 28.12 27.73" 254 108 104.73 92.02" 
9 1 28.22 27.09" 277 85 82.92 78.80" 
11 I 22.95 20.88" 272 115 104.46 99.82" 
2 27.10 17.23 274 109 104.59 66.16 
12 1 23.07 15.44 273 117 106.11 98.41" 
2 24.51 13.78 274 111 103.17 65.60 
" Wet bulb thermocouple was improperly set. 
Table 4.1b Average values of data collected during runs 









1 1 16.53 25.41 19,229 47.28 119 
2 10.21 64.09 - 52.26 79 
2 1 15.66 61.79 26,751 49.77 77 
5 1 10.54 74.93 19,346 47.28 99 
2 10.19 65.30 - 49.77 86 
6 1 8.02 8.02 26,754 44.79 96 
2 9.05 73.58 26,873 47.28 79 
3 13.70 77.79 - 47.28 74 
8 1 14.16 77.80 26,803 49.77 88 
9 1 14.46 58.80 26,782 52.26 58 
11 1 9.10 67.57 19,313 47.28 80 
2 11.50 65.41 - 47.28 77 
12 1 7.42 73.69 26,819 47.28 86 
2 10.23 76.66 - 47.28 76 
- Missing data. 
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Table 4^ Depth of Residues (mm) 










1 1 0.39 0.11 0.22 0.90 
2 0.90 1.90 1.00 0.60 
2 1 0.15 0.20 0.06 0.00 
5 1 12.90 4.90 1.30 0.90 
2 2.60 4.60 5.30 0.80 
6 1 3-00 2.20 0.70 0.00 
2 0.80 0.80 0.20 0.00 
J 0.60 0.60 0.00 0.00 
8 1 0.40 0.70 0.20 0.00 
9 1 - - - -
11 1 4.20 1.60 1.00 0.60 
2 0.70 3.80 2.10 1.40 
12 1 0.90 1.00 0.20 0.00 
2 0.40 2.40 0.60 0.00 
- Missing data. 
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Table 4 J Measured and Calculated Outlet Data 
Measured Calculated" 
Treat. Repl. Temperature Humidity Enthalpy Temperature Humidity Enthalpy 
("C) ratio (kJ/kg)" ("C) ratio (kJ/kg) 
(kgw/kga)'' (kgw/kga) 
1 1 125.00 - - - - -
2 105.68 0.13632 473.98 51.64 0.09271 302.50 
2 1 91.42 - - - - -
5 1 106.93 - - - - -
2 100.38 0.16843 553.51 51.09 0.08940 292.50 
6 1 112.67 - - - - -
2 107.00 0.16047 540.19 51.16 0.09004 295.78 
J 106.68 0.14620 501.89 51.23 0.09002 295.77 
8 1 108.45 - - - - -
9 1 84.80 - - - - -
11 1 115.42 - - - - -
2 109.08 0.15053 516.66 51.58 0.09318 305.65 
12 1 117.03 - - - - -
2 110.77 0.15232 523.69 52.14 0.09587 312.21 
Calculated values assume adiabatic saturation from inlet conditions. 
'' Humidity ratio measured at the exhaust pipe. 
Enthalpy calciilated from measured values of outlet temperature and exhaust humidity ratio. 
- Missing data. 
119 
Table 4.4 Calculated dryer efficiencies (in %) for selected runs 
Treatment Replicate Thermal Heat Evaporative Moisture Product yield 
Residue 
yield 
1 1 57.62 - - - 35.87 4.36 
2 66.05 78.69 77.98 87.23 40.40 25.63 
2 1 72.22 - - - - -
5 1 63.97 - - - 43.87 28.54 
2 66.94 120.61 80.78 91.12 32.32 26.40 
6 1 63.04 - - - 39.97 20.48 
2 65.26 108-47 78.47 89.44 44.27 10.33 
J 66.82 95.08 77.88 88.21 50.38 5.90 
S 1 64.40 - - - 33.50 28.33 
9 1 77.22 - - - 18.48 35.59 
11 1 62.94 - - - 44.87 11.55 
2 66.82 92.23 78.07 88.12 49.20 26.60 
12 1 63.34 - - - 26.81 29.28 
2 65.43 91.38 77.37 87.76 46.71 15.03 










255 285 315 345 375 405 435 465 495 525 
Dry bulb temperature (K) 



























250 255 260 265 270 




I9300rpm & 0.37Lpm 26800rpm & O.STLpm 























80 90 100 110 
Measured outlet temperature (C) 
120 130 
Figure 4.3 Product and air temperature after drying 
Figure 4.4 Measured vs. estimated product temperatures 
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Figure 4.5 Air temperature after drying: exhaust vs. outlet 
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Appendix 4-A 
Data Acquisition System 
1. Gateway 2000 computer model if P4T>-66 (eobaaced) 
2. Keithley Metiabyte DAS-1600 (multifunction board) 
3. Keithley Mctrabytc EXP-16A (16 clutnael analog 
input mult^lexer and signal conditioning board) 
4. Keithley Marabyte EXP-GP (8 channel analog input 
si^ial conditkming board w&h excitation) 
3. Keithley Metiabyte STA-16 (analog input/output 
sciew terminal accessory board) 
6. Keithley Metiabyte STA-U (digital input/ou^ut screw 




Equations Used for Psychrometric Analysis' 
Saturation partial pressure. Ps Cin Pal as a fimction of T fin K'i 
;  ^ A + BT + CT  ^ + DT  ^ + ET* In (Ps  ^ R) = 
FT - GT  ^
for 273.16  ^ T s. 533.16 
where 
R = 22,105,649.25 D = 1.2558 ^10"' 
A = -27,405.526 E = -4.8502 ^10'^  
B = 97.5413 F = 4.34903 
C = -0.146244 G = 3.9381 ^10'^  
Dew point temperature. Tdp (in K\ as a function of Pv Tin Pa') 
Te  ^ - 255.38 = Y, P" (0.00145 )] 
i - 0 
for 620.52 < P, < 4,688,396.00 
where 
AQ = 19.5322 = 13.6626 
= 1.17678 = -0.189693 
= 0.087453 As = -0.0174053 
= 2.14768 x/0-^ 







'Equations used for psychrometric analysis were taken from the 1990 ASAE Standards. 
I l l  
Latent heat of vaporization, hfg Tin J/kg'> 
= 2,502.535.259 - 2,385.76424 (T - 273.16) 
far 273.16 s. T 338.72 
f^g " (7,329,155,978,000 - 15,995,964.08 T )^'^  
for 338.72  ^ T i 533.16 
Wet bulb temperature line. T..^, Tin K") 
Ps., (T -^T) 
for 255.38 s T < 533.16 
•where 
1006.9254 (P ,^ -PaJ (1  ^ 0.15577 A; 
aoi' 
0.62194 h'j-g 
h'^  ^ is the latent heat of vaporization evaluated at 
Humidity ratio. W Tin kg of water/kg of dry air') 
0.6219 
(Paan-P.)  
far 255.38 s T i 533.16 
P < P 
V oon 
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Enthalpy, h Tin J/kg') 
h = 1006.9254 (T - 273.16) 
+ 4186.8 W - 273.16) 
+ h"  ^ W 
+ 1875.6864 W (J -
for 273.16 ^ ^ 373.16 
where h"  ^ is the latent heat of vcqmrization evaluated at 
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Appendix 4-C 
Comparison Between Standardized and Measured Dry Bulb Temperatures 






(Prob > IRl) 
Exhaust pipe air Inlet air at room 
temperature (K) temperature (K) 
Standardized Measured Standardized Measured 
14 14 14 14 
372.31 373.07 298.50 298.54 
7.62 7.81 2.03 2.03 
355.64 356.08 296.07 296.11 





Data Used for Calculation of Moisture Efficiency (Dry Basis) 
Treatment Replicate Estimated weight of 
solids in feed (g) 
Weight of collected 
product(g) 
Weight of collected 
residues (g) 
1 1 5727.38 2125.56 251.22 
2 2461.78 1056.75 638.16 
2 1 - 2229.61 952.30 
5 1 4397.90 2045.00 1264.78 
2 2696.10 933.00 719.63 
6 1 4508.70 1883.73 930.14 
2 2643.23 1246.57 275.90 
3 2783.88 1467.16 165.68 
8 1 3015.83 1049.67 878.40 
9 1 2627.70 505.18 946.00 
11 1 2675.35 1273.03 312.15 
2 - 1064.00 575.29 
12 1 3211.19 916.10 968.53 
2 - 1271.00 409.00 
- Missing data. 
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Appendix 4-E 






































************************ ic-k-k*********************** *********** 
* Fernando Perez-Munoz March 4, 1996 * 
* Input: 
Output: 
Program to find wet bulb temperatures 
Tin, Inlet air temperature 
Win, humidity ratio of air 
Tout, Outlet temperature 
Wout, Outlet humidity ratio 
Troom, Room air temperature 
Patm, barometric pressure 
hin. Enthalpy of inlet air 
Tdpin, Dew point- temperature of inlet air 
Pvin, Vapor pressure at Win 
Twbin, Inlet wet bulb temperature 
Psin, Inlet satxirated vapor pressure 
Wws, Humidity ratio at inlet wet bulb temp. 
hws. Enthalpy of saturated air (inlet) 
Vsain, Specific volume of inlet air 
Tdpout, Dew point temperatiire of outlet air 
Pvout, Vapor pressure at Wout 
Twout, Outlet wet btilb temperature 
Psout, Outlet saturated vapor pressure 
Vsaout, Specific volume of the outlet air 
hout. Enthalpy of outlet air 
Teff, Thermal efficiency 
Heff, Heat efficiency 
Meff, Moisture efficiency 





























REM ********* Reading data *********** 
5 CLS 
10 DATA 103300,535.79,0.00416,379.70,0,16047,296.59 
15 DATA 103100,536.13,0.00613,378.84,0.13632,298.00 
20 DATA 103640,535.65,0.00420,379.84,0.14620,302.46 






































FOR coxinter = 1 TO 6 
READ Patm, Tin, Win, Tout, Wout, Troora 
********* Calculating Pv *********** 
Pvin = Win * Patm / (.6219 + Win) 
Pvout = Wout * Patm / (.6219 + Wout) 
********* Calculating Ps *********** 
R = 22105649.25# 
A = -27405.526# 
B = 97.5413 
C = -.146244 
D = 1.2558E-04 
E = -4.8502E-08 
F = 4.34903 
G = .0039381 
Psin = R * EXP ((A + B * Tin + C * Tin ^ 2 + D * Tin ^ 3 
+ E * Tin ^4) / (F * Tin - G * Tin ^ 2) ) 
Psout = R * EXP ((A + B * Tout + C * Tout " 2 + D * Tout " 3 
+ E * Tout " 4) / (F * Tout - G * Tout " 2)) 
********* Calculatin Tdp *********** 
AO = 19.5322 
A1 = 13.6626 
A2 = 1.17673 
A3 = -.189693 
A4 = .087453 
A5 = -.0174053 
A6 = 2.14768E-03 
A7 = -1.38343E-04 
A8 = .0000038 
Tdpinl = AO + A1 * LOG(.00145 * Pvin) " 1 
+ A2 * (LOG(.00145 * Pvin)) ^ 2 
Tdpin2 = A3 * (LOG(.00145 * Pvin)) ^ 3 
+ A4 * (LOG(.00145 * Pvin)) ^ 4 
Tdpin3 = AS * (LOG(.00145 * Pvin)) " 5 
+ A6 * (LOG(.00145 * Pvin)) ^ 6 
Tdpin4 = A7 * (LOG(.00145 * Pvin)) ^ 7 
+ A8 * (LOG(.00145 * Pvin)) ^ 8 
Tdpin = 255.3 8 + Tdpinl + Tdpin2 + Tdpin3 + Tdpin4 
Tdpoutl = AO + A1 * LOG(.00145 * Pvout) * 1 
+ A2 * (LOG(.00145 * Pvout)) " 2 
Tdpout2 = A3 * (LOG(.00145 * Pvout)) " 3 










































Tdpout3 = A5 * CLOG(.00145 * Pvout)} ^ 5 
+ A6 * (LOG(.00145 * Pvout)) ^ 6 
Tdpout4 = A7 * (LOG(.00145 * Pvout)) * 7 
+ A8 *• (LOG(.00145 * Pvout)) " 8 
Tdpout = 255.38 + Tdpoutl + Tdpout2 + Tdpout3 + Tdpout4 
********* Calculating enthalpy of inlet air ********** 
IF Tdpin < 273.16 THEN 
higin = 2839683.144# - 212.56384# * (Tdpin - 255.38) 
hinl = 1006.9254# * (Tin - 273.16) + higin * Win 
hrl = 1006.9254# * (Troom - 273.16) + higin * Win 
hin2 = -Win * (333432.1 + 2030.598# * (273.16 - Tdpin)) 
hr2 = hin2 
hin3 = 1875.6864# * Win * (Tin - Tdpin) 
hr3 = 1875.6864# * Win * (Troom - Tdpin) 
hin = hinl + hin2 + hin3 
hroom = hrl + hr2 + hr3 
END IF 
IF Tdpin >= 273.16 AND Tdpin < 338.72 THEN 
hfgin = 2502535.259# - 2385.76424# * (Tdpin - 273.16) 
hinl = 1006.9254# * (Tin - 273.16) + hfgin * Win 
hrl = 1006.9254# * (Troom - 273.16) + hfgin * Win 
hin2 = 4186.8 * Win * (Tdpin - 273.16) 
hr2 = hin2 
hin3 = 1875.6864# * Win * (Tin - Tdpin) 
hr3 = 1875.6864# * Win * (Troom - Tdpin) 
hin = hinl + hin2 + hin3 
hroom = hrl + hr2 + hr3 
END IF 
IF Tdpin >= 338.72 THEN 
hfgin = (7329155978000# - 15995964.08# * Tdpin "2) ^ .5 
hinl = 1006.9254# * (Tin - 273.16) + hfgin * Win 
hrl = 1006.9254# * (Troom - 273.16) + hfgin * Win 
hin2 = 4186.8 * Win * (Tdpin - 273.16) 
hr2 = hin2 
hin3 = 1875.6864# * Win * (Tin - Tdpin) 
hr3 = 1875.6864# * Win * (Troom - Tdpin) 
hin = hinl + hin2 + hin3 
hroom = hrl + hr2 + hr3 
END IF 
IF Tdpin < 255.38 OR Tdpin > 373.16 THEN 
PRINT "inlet enthalpy out of range as Tdp = "; Tdpin 
END IF 
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REM ********* Calculating enthalpy of outlet air ********** 
500 IF Tdpout < 273.16 THEN 
505 higout = 2839683.144# - 212.56384# * (Tdpout - 255.38) 
510 houtl = 1006.9254# * {Tout - 273.16) + higout * Vfout 
511 hout2 = -Wout * (333432.1 + 2030.598# * (273.16 - Tdpout)) 
512 hout3 = 1875.6864# * Wout * (Tout - Tdpout) 
513 hout = houtl + hout2 + hout3 
515 EaiD IF 
520 IF Tdpout >= 273.16 AND Tdpout < 338.72 THEN 
525 hfgout = 2502535.259# - 2385.76424# * (Tdpout - 273.16) 
530 houtl = 1006.9254# * (Tout - 273.16) + hfgout * Wout 
531 hout2 = 4186.8 * Wout * (Tdpout - 273.16) 
532 hout3 = 1875.6864# * Wout * (Tout - Tdpout) 
533 hout = houtl + hout 2 + hout3 
535 END IF 
540 IF Tdpout >= 338.72 THEN 
545 hfgout = (7329155978000# - 15995964.08# * Tdpout "2) " .5 
550 him = 1006.9254# * (Tout - 273.16) + hfgout * Wout 
551 hout2 = 4186.8 * Wout * (Tdpout - 273.16) 
552 hout3 = 1875.6864# * Wout * (Tout - Tdpout) 
553 hout = houtl + hout 2 + hout3 
555 END IF 
560 IF Tdpout < 255.38 OR Tdpout > 373.16 THEN 
565 PRINT "outlet enthalpy out of range as Tdp = "; Tdpout 
570 END IF 
REM ********* calculating specific volume of air ********** 
600 IF Tin <= 255.38 OR Tin >= 533.16 THEN 
610 PRINT "specific volume out of range as Tin = Tin 
620 END IF 
650 Vsain = 287 * Tin / (Patm - Pvin) 
660 Vsaout = 287 * Tout / (Patm - Pvout) 
REM ********* calculating inlet wet bulb temperature *********** 
700 FOR Twbin = Tin TO 273 STEP -.001 
710 Pwsinl = R * EXP ((A + B * Twbin + C * Twbin ^ 2 + D * Twbin ^ 3 
+ E * Twbin 4) / (F * Twbin - G * Twbin ^ 2) ) 
720 IF Tdpin < 338.72 THEN 
725 hfgwin = 2502535.259# - 2385.76424# * (Tdpin - 273.16) 
730 ELSE 
735 hfgwin = (7329155978000# - 15995964.08# * Tdpin "2) " .5 
740 END IF 
750 AA = 1006.9254# * (1 + .1577 * Pvin / Patm) 
* (Twbin - Tin) / (.62194 * hfgwin) 
760 Pwsin2 = (Pvin - AA * Patm) / (1 - AA) 
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770 IF ABSCPwsinl - Pwsiii2) < 1 THEN GOTO 790 
780 NEXT Twbin 
790 REM 
REM ********* calculating outlet wet bulb temperature *********** 
800 FOR Twbout = Tout TO 273 STEP -.001 
810 Pwsoutl = R * EXP ((A + B * Twbout + C * Twbout ^ 2 + D * Twbout ^ 3 
+ E * Twbout ''4) / (F * Twbout - G * Twbout ^ 2) ) 
820 IF Tdpout < 338.72 THEN 
825 hfgwout = 2502535.259# - 2385.7S424# * (Tdpout - 273.IS) 
830 ELSE 
835 hfgwout = (7329155978000# - 15995964.08# * Tdpout "2) ^  .5 
840 END IF 
850 AA = 1006.9254# * (1 + .1577 * Pvout / Patm) * (Twbout - Tout) 
/ (.62194 * hfgwout) 
860 Pwsout2 = (Pvout - AA * Patm) / (1 - AA) 
870 IF ABS (Pwsoutl - Pwsout2) < 1 THEN GOTO 890 
880 NEXT Twbout 
890 REM 
REM ********* Calculating inlet satxiration humidity ratio ********** 
900 Wws = .62194 * Pwsin2 / (Patm - Pwsin2) 
REM ********* Calculating inlet enthalpy at saturation *********** 
1000 hwsl = 1006.9254# * (Twbin - 273.16) + hfgwin * Wws 
1010 hws2 = 4186.8 * Wws * (Twbin - 273.16) 
1020 hws3 = 1875.6864# * Wws * (Twbin - Twbin) 
1030 hws = hwsl + hws2 + hws3 
REM ********* Thermal efficiency calculation ********** 
1100 Teff = (Tin - Tout) / (Tin - Troom) * 100 
REM ********* Heat efficiency calculation ********** 
1200 Heff = (hout - hin) / (hin - hroom) * 100 
REM ********* Evaporative efficiency calculation ********** 
1300 Eeff = (Tin - Tout) / (Tin - Twbout) * 100 
REM ********* Moisture efficiency calculation ************ 
1400 Meff = (Pvout - Pvin) / (Pwsout2 - Pvin) * 100 
REM ********* Printing results on file ********** 
7500 OPEN "c:\user\fem\dryer\analysis\twb.txt" FOR APPEND AS #1 
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7505 IF counter = 1 THEN 
7510 PRINT #1. "Tin, Win,Pvin,Psin,Tdpin,hin, Vsain,Twbin, Wws,hws, " ; 
7530 PRINT #1, "Tout, Wout, hout, Pvout, Psout, Tdpout, Vsaout, Twbout, Tef f 
7550 PRINT #1, "Heff,Eeff, Meff" 
7600 PRINT #1, Tin; " ; Win; ","; Pvin; "," ; Psin; ", "; Tdpin; ", tl .  t 
7510 PRINT #1, hin; ", "; Vsain; ", "; Twbin; ","; Wws; hws; ", IT . 
7620 PRINT #1, Tout; " ,"; Wout; hout; Pvout; ","; Psout; tt 
7530 PRINT #1, Tdpout; ","; Vsaout; ","; Twbout; ","; Teff; ","; 
7540 PRINT #1, Heff; " , "; Eeff; Meff 
7700 ELSE 
7710 PRINT #1, Tin; ", Win; Pvin; Psin; ", "; Tdpin; M . / 
7720 PRINT #1, hin; ", Vsain; Twbin; Wws; " , "; hws; ", It . t 
7730 PRINT #1, Tout; " ,"; Wout; ","; hout; ","; Pvout; " , " ; Psout; tt 
7740 PRINT #1, Tdpout; " ,"; Vsaout; ","; Twbout; " , " ; Teff; " , " ; 
7750 PRINT #1, Heff; " ,"; Eeff; Meff 
7770 END IF 
7800 CLOSE #1 
REM ********* Printing results on screen 
8000 PRINT "Data point #"; counter 
8005 PRINT "Inlet conditions:" 
8010 PRINT "Tin = "; Tin, "Win = "; Win 
8020 PRINT "Pv = "; Pvin, "Ps = " ; Psin, "Tdp = 
8030 PRINT "h "; hin, "Vsa = "; Vsain 
8040 PRINT "Twb = "; Twbin, "Wws = "; Wws, "hws = 
8045 PRINT II tl 
8050 PRINT "Outlet conditions:" 
8055 PRINT "Tout= "; Tout, "Wout= " ; Wout 
8050 PRINT "Pv = "; Pvout, "Ps = "; Psout, "Tdp 
8070 PRINT "h hout, "Vsa = " ; Vsaout 
8080 PRINT "Twb = "; Twbout 
8090 PRINT 11 II 
8100 PRINT "Calculated efficiencies • It 
8110 PRINT "Teff = "; Teff, "Heff = Heff 
8120 PRINT "Eeff = "; Eeff, "Meff = "; Meff 
8130 PRINT tt II 
Tdpin 
Tdpout 
9000 NEXT coimter 
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CHAPTERS 
MODELING AND CONTROL OF SPRAY DRYERS 
Abstract 
Models for spray dryers reported in literature were surveyed. The common model 
assumptions regarding the drying gas, feed, and thermodynamics were summarized. Models 
found were classified into static and dynamic based on their inclvision of time as one of the 
independent variables of the model. Static models, in general, refer to a set of differential or state 
equations based on heat, mass and/or momentum transfer between the drying gas and the droplet 
cloud. These models focused on the steady state or equilibrium response of the system and 
provide the in-depth analysis of the system's behavior needed for scale-up applications. Dynamic 
models are used for control applications and have fociised on the maintenance of a desired outlet 
temperature or final moisture content of the dried powder. Models reported in the literature, 
however, have not been validated or require the determination of empirical dryer-specific 
correlations to be useful. Gathered information is used to provide an outlook on modeling for 
the control of spray dryers. 
Introduction 
A dynamic system produces time-changing patterns whose characteristics at one time are 
interrelated with those at other times (Luenberger, 1979). In other words, the response of a 
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dynamic system evolves or changes over time due to the dependence of relevant variables on 
time or to variations of time-independent parameters (i.e., set-points). The behavior of dynamic 
systems can be better understood using models. A mathematical model is an equation or a set 
of equations which represent the system's behavior of interest. The process of using a 
mathematical model to study the behavior of a system is known as simulation (Nyhoflf and 
Leestma, 1988). 
A system in a state of equilibrium is said to be at steady-state. When such equilibrium 
is disturbed the system will adjust its response to conform to the new conditions of its 
environment. The system's response during this period of adjustment towards a new steady-state 
is called the transient response. Depending on the objectives of the mathematical model, the 
transient response of the system may or may not be considered. Models including the transient 
response need to include time as one of the independent variables. For this reason, they are 
known as djmanaic models. Static models, on the other hand, focus on the steady state solution 
and neglect the transient response. 
When the need to modify or control the system's behavior drives the need to study it, the 
ultimate objective is the development of a control system or controller (Luenberger, 1979). In 
general terms, there are two types of control system configurations. Open-loop control seeks the 
desured system response by manipulating a system variable related to the wanted output without 
monitoring the system's response in any way. Closed-loop control, on the other hand, monitors 
or estimates the system's output and uses the measurement to adjust related system variables 
until the desired response is achieved. 
Masters (1985) states that the goal of control systems on spray dryers is "the maintenance 
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of desired dried product quality, irrespective of what disturbances occur within the drjdng 
operations and variations in feed supply". Collected data on the spray drying of soymilk (Perez-
Munoz and Flores, 1996) suggested the existence of a relationship between quality factors of 
spray dried soymilk (i.e., color) and spray drying parameters (i.e., atomizer speed). 
Development and/or implementation of a mathematical model or control system for spray 
dryers was outside the initial scope of this research study. The complexity of the problem 
requires an investment of monetary and human resources not available at the present time. 
Information presented in this section, however, supports the author's hypothesis that a spray 
dryer control system can be developed to regulate desirable product quality parameters (i.e., 
color, solubility, moisture content). 
Objective and organization 
The objective of this section is to present a review of spray dryer simulations reported 
in the literature and to offer a view on future perspectives in modeling and control of spray 
dryers. First the general assumptions of spray dryer models are grouped and commented. 
Models are then reviewed with an emphasis on dynamic or control models. Finally, the 
information is used to provide an outlook into future dynanaic modeling and areas of fiirther 
research. 
Model Assumptions 
As part of the development process of a mathematical model (Harms, 1992) the various 
elements and bovmdaries of the system must be understood. Often times, the complexity' 
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introduced by such elements and boundaries is reduced by making assumptions about their 
characteristics or properties. Assumptions of spray dryer models can be classified as follows. 
Drying gas 
Properties of the drying media. Typically, the drying media is assumed to be air 
behaving as an ideal gas with constant properties (i.e., specific heat, density) over the range of 
temperatures and humidities considered. Crowe et al. (1985) used a spray dryer model to assess 
the feasibility of using steam as the drying media-
Gay flow characteristics. In general, it is assumed that the air flow characteristics are 
not affected by the droplets. Researchers such as Bailey et al. (1970) assumed laminar air flow. 
Usui et al. (1985), however, reported that the air flow is turbulent. Crowe (1980) states that the 
Reynolds number (Re) based on the relative gas-droplet velocity is less than 1000, thus 
compressibility and rarefaction effects can be neglected. Some pioneer researchers utilized the 
plug flow model to represent the air flow inside the drying chamber and assumed no radial 
gradients of velocity, temperature, and humidity. Baltas and Gauvin (1969), however, studied 
the goodness of these assumptions and concluded they have no foundation. Usui and Sano 
(1989) and Zhelev (1989) studied the air flow patterns and reported on the presence of 
recirculating eddies. Zhelev (1989) found that the mixing inside the central core flow approached 
full mixing. Usui et al. (1985) studied the residence time of air without droplets inside the drying 
chamber and obtained comparable experimental and simulation results when modeling the flow 
as a series combination of piston flow and perfect mixing. 
Gas-droplet velocity. Many models assume the droplets travel at the same velocitv* as 
the drying media. This assumption is reasonable based on studies such as those reported by Usui 
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et al. (1985), Usui and Sano (1989), and Zhelev (1989). These authors have found that the Peclet 
number, the ratio of bulk mass transfer to difEusion mass transfer of the air, remains constant for 
a particular dryer regardless of the characteristic air velocity. Furthermore, Baltas and Gauvin 
(1969) studied the drying of droplets 0.635 m (25 in) below the no22le region and confirmed that 
the diffusivity of droplets is the same as that of the gas regardless of the radial location. It is 
recognized, however, that the assumption is not vahd for the region close to the atomizer, where 
droplets enter the drying chamber with a velocity determined by the atomizing parameters and 
travel some distance before being carried by the drying air (Baltas and Gauvin, 1969; Amason 
and Crowe, 1980). 
Droplet structure 
Particle shape, size, and size distribution. Feed droplets are typically treated as perfect 
single size spheres which may or may not undergo shrinkage. The Sauter mean diameter is the 
preferred method of expressing the characteristic size of the single size spheres. Gluckert (1962), 
however, utilized the maximnm diameter to represent the droplets. This maximum diameter was 
estimated as three times the Sauter mean diameter. Amason and Crowe (1980), Crowe (1983), 
and Crowe et al. (1985) used predetermined particle sizes and size distributions to assess the 
performance of their models. Waananen et al. (1993) report that shrinkage is typically neglected, 
but has been found to be of importance if accurate predictions are desired. Verderber and Judson 
King (1992) observed the morphological changes that a drying droplet undergoes and reported 
the occurrence of cycles of expansion, bursting, and cratering. 
Feed properties. Constant feed properties (i.e., density, diffusivity, conductivity) 
is a typical assximption in spray dryer models. Frey and Judson King (1986) smdied the drying 
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of foamed droplets assuming the gas bubbles were very small and evenly distributed on the 
droplet. These assumptions enable the researchers to use models reported in the literature for 
homogeneous droplets. Perez-Correa and Farias (1995) accounted for density variations in the 
particle caused by evaporation induced volume changes as a linear flmction of the solids 
concentration. 
Thermodynamics 
Heat loses. Heat losses to the drying chamber are rarely considered in spray dryer 
models. Solar et al. (1996) obtained improved results when including a correction factor for heat 
loses. 
Drying mostly by conduction. Many models assume a Nusselt number, the ratio 
of total heat transfer to conductive heat transfer, equal to 2 based on the assumption that the 
droplet velocity equals that of the drying gas. Crowe (1980) provides a comprehensive review 
of unplications of the Nusselt nimiber on the heat transfer equations. 
Drying dynamics: constant versus falling-rate. Selection of the drying dynamics is 
dependent on the model's objective. Spray drying models in general consider drying on both the 
constant rate and the falling rate drying period. Waananen et al. (1993) make an extensive 
literature review of drying models for porous solids and provides insight into the conditions 
influencing drying and the type of models to use, with special emphasis on drying during the 
falling rate. Frey and Judson King (1986) studied the retention of volatiles during drying. Their 
model focuses on drying during the constant rate period because that is when most of the 
volatiles are lost. 
No chemical reactions. 
found in the literature. 
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The absence of chemical reactions is common to all models 
Classification of Spray Dryer Models 
Mathematical models of spray drying can be grouped into two main categories, namely 
static models and dynamic models. Most of the reports foimd in the literature focus on the 
development and testing of static models. These models find applications in scale-up and 
characterization of spray dryers and are very valviable when an in-depth analysis of the drying 
dynamics is of interest. Dynamic models, on the other hand, are preferred for development of 
control systems. Traditionally, these control systems focus on the maintenance of a constant 
outlet temperature because it has been associated with desirable product quality factors such as 
moisture content. 
Static models 
Static models are those that do not consider time as a variable directly affecting the 
outcome of the system. These models attempt to predict the steady state response of the system 
regardless of what happens during the transient period. Static models focus on the drying process 
at the droplet level (micro) and require a number of assumptions to alle\aate the otherwise 
unmanageable complexity of the system. Crowe (1980) reviews the different static models and 
classifies them according to geometry of the system and coupling among phases. 
Geometry of the system. A one-dimensional model considers changes in one 
direction only (i.e., axial) and the cross sectional area is constant with uniform properties (i.e.. 
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velocity, temperature) across each section. A variation of the one-dimensional model considers 
which changes in the cross sectional area is called quasi one-dimensional. This model divides 
the region close to the atomizer into the droplet-gas region and the surrounding volume. 
Axisymmetric models do not consider changes in cross sectional area, but allow property 
changes both in the axial and radial directions. 
Amason and Crowe (1980) used the same initial data to compare the results of models 
of the different geometries. In all cases the simulation ended when the particles dried to a given 
moisture content or reached a given axial distance. They found that both, the quasi one-
dimensional and the two-dimensional models, predicted the system behavior with acceptable 
accuracy. However, the two-dimensional model was more complex because it included 
momentum transfer as well as heat and mass transfer. The other two models only considered heat 
and mass transfer between the air and the droplets. 
Coupling between phases. Static models could be one-way or two-way coupled 
depending on interaction between the drying gas and the feed droplets. A one-way coupled 
model neglects the effect of the droplets on the properties of the gas. Two-way coupled models 
include the effect of the droplet on the gas as well as the effect of the gas on the droplets. 
Typically, heat and mass transfer are the only coupled effects considered in spray drying models. 
Crowe et al. (1977) presented a model which included the momentum transfer coupling between 
the gas and droplets. Their results showed mathematically that momentum coupling is important 
because the droplets affect the velocity profile of the gas. No experimental data was used for 
comparison of the simulation results. 
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Dynamic models 
As previously mentioned, dynamic models are those that include time as one of the 
independent variables of interest as well as a description of the transient response of the system. 
These models 'look' at the system with a macroscopic perspective and oftentimes consider the 
system as a black box. This is, they consider the system's inputs and outputs and their 
interrelationships in order to describe the internal system dynamics. A proper description of the 
internal dynamics of the system, however, requires knowledge of the internal elements and their 
functionality. 
Masters (1985) summarizes the early efforts on spray dryer control. These systems seek 
to maintain a constant outlet temperature by adjusting the feed flow rate on dryer vnth centrifugal 
disk atomizers or the fuel combustion rate of dryers with nozzle type atomizers. Masters (1985) 
also describes the use of interlocks and "fiilly automatic spray dryers". Interlocks are fail-safe 
devices that work to prevent potential damage to the dryer. "Fully automatic spray dryers" are 
those whose predetermined sequence of operation is controlled by a computer. This concept of 
control is different from the control of a system based on a dynamic model because the sequence 
is predetermined and the computer will not adjust the dryer settings to conform to variations in 
parameters. 
More recent efforts at dynamic modeling of spray dryers include the work of Usui et al. 
(1985), Zaror and Perez-Correa (1991), Govaerts et al. (1994), Perez-Correa and Farias (1995), 
and Solar et al. (1996). Usui et al. (1985) measured the residence time of air perturbation 
impulses inside the dryer. They modeled the observed behavior as a first order system with a 
time delay and relate the model coefficients to the characteristic velocity of air inside the drying 
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chamber. This dynamic model gives an idea of air flow dynamics, but does little to explain or 
model the drying process. 
Zaror and Perez-Correa (1991) developed a mathematical model of a spray dryer with 
centrifugal atomizer based on heat and mass transfer balances and drying dynamics at the 
macroscopic level. The objective of the system was to control outlet temperature of the air in 
order to maintain a desired final moisture content of the powder. This was achieved by 
manipulating the feed flow rate to affect the outlet temperature. 
Their major assumptions included single size droplets (estimated as the Sauter diameter), 
perfectly mixed flows, and adiabatic saturation of the air during droplet evaporation. The authors 
also adopted an empirically determined relation where the equilibrium moisture content of the 
droplets was related to the absolute humidity of the drying air by a factor m. Sensitivity analysis 
showed the need for periodic adjustments of m (or the inlet air temperature at saturation) which 
was estimated from measurements of the inlet air temperature and humidity. Results showed that 
PI control (proportional plus integral - classic control theory) was adequate to maintain the outlet 
temperature, however, the simulation results were not compared against experimental results. 
Perez-Correa and Farias (1995) modified Zaror and Perez-Correa's (1991) model to 
account for variable droplet size and density. The resulting MIMO (multi-input multi-output) 
model was decoupled into two SISO (single-input single-output) structures with similar 
performance. The first SISO structure provided control of the outlet temperature by manipulation 
of the inlet temperature. The second structure utilized the feed flow rate to control the final 
moisture content of the powder. The final control configuration utilized a PID controller 
(proportional plus integral plus differential - classic control theory) and required periodic 
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adjustments of the control system based on ofif-line measurements of the dried powder moisture 
content. 
Solar et al. (1996) attempted to validate model developed by Perez-Correa and Farias 
(1995) by comparing simulation resxilts with experimental results from a pilot scale spray dr>"er. 
The mathematical model was slightly modified to include empirical relations expressing the 
properties of the feed (milk) as a fonction of solids content of the droplets. They also included 
correlations to express the heater temperature as a function of heater power. Their results showed 
that the model overpredicts the outlet temperature, but the observed time delays from simxilation 
and experiment were comparable. Solar et al. (1996) attributed the observed differences to 
imperfect insulation of the dryer and modified the model to include a correction factor. 
Govaerts et al. (1994) developed a model for a counter current spray dryer using similar 
concepts and assumptions as Zaror and Perez-Correa (1991). The resulting MIMO model was 
non-linear, but could be linearized and reduced while still being able to represent the system 
satisfactorily. They found, however, that only the non-linear model was usefiil in a close-loop 
configuration using an LQG controller (linear quadratic gain - optimal control theory). 
Simulation results were validated against experimental runs in a spray dryer equipped with an 
infira-red sensor to measiire the powder moisture content on-line. The researchers found good 
agreement between simulation and experimental results and the control s\'stem was able to 
compensate for the typical signal drift of the infra-red sensor. The usefiilness of this model, 
however, is limited by the need to determine the empirical constants relating the evaporation rate 
to the inlet temperature and feed rate for a particular feed and dryer. These authors state that 
these constant, as well as the evaporation enthalpy of water used for the heat balance equation. 
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need to be detennined in situ by the method outlined by Parti and Palancz (1974). 
A Vista of the Future 
Decades of static model development have provided invaluable insight on the spray 
drying dynamics and the factors governing the process outcome. These research efforts elevated 
our understanding of the system from a simple axial plug flow where the droplets do not affect 
the drying gas, to a more complex fiilly mixed flow with radial gradients of temperature, 
himiidity and velocity where the droplet and drying gas are coupled by mass, heat and 
momentum transfer. The work, however, is far from over. For example, solutions are still needed 
for the scale-up problem. 
Dynamic models for control applications reported in literature, though scarce, prove the 
feasibility of controlling the spray drying process to achieve specific objectives (i.e., 
maintenance of outlet temperature or product moisture content). These models, however, are 
rather simplistic in that some of their assumptions have been dismissed by static model 
simulations (i.e., adiabatic saturation). The need exist to improve d\Tiamic models of spray 
dryers by integrating knowledge gained from static models simulations (i.e., improved heat, 
mass, and momentum balancer equations; estimation of particle size from dryer processing 
parameters and feed properties). These improved models should also avoid the use of 
correlations requiring periodical off-line measurements and adjustments. 
Flexibility of the dynamic model is a very desirable feature for spray drying. A flexible 
model facilitates the introduction of a new feed, and is transferable to another spray drj-'er 
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without the need for extensive modifications or calibrations. This general dynamic model shall 
accept relevent data on the dryer's configuration and dimensions as well as feed properties 
including experimentally determined correlations between quality parameters of the dried 
product (i.e., moisture content) and dryer parameters (i.e., feed rate, outlet temperature). 
A significant portion of the spray drying knowledge comes firom the chemical industry. 
Therefore, the control of moisture content has been favored over other quality attributes. Spray 
drying of foods demands the consideration of quality factors such as color, rehydration, density, 
solubility, and particle size. Research is needed in this area to define quality standards of some 
spray dried goods (i.e., soymilk) and to develop the required formulations relating these qualit}' 
factors to spray drying parameters. 
Finally, there is a need for the development of appropriate instrumentation. On-line 
measiurements are required in order to use these dynamic models for control applications. 
Instnmientation to measure relative humidity at elevated temperatures (i.e., above 200° C) is 
scarce and expensive. Sensors will also be needed to effectively measure those product quality 
parameters to be controlled. 
The work reported in Chapter 2 of this document focused on the establishment of 
relations between spray dried soymilk properties (i.e., moisture content, pH, NSI, color, 
insolubility) and dryer parameters (inlet temperature, atomizer speed, outlet temperature). 
Results show the existence of some trends that could lead to the development of correlations like 
eq. 2.1, relating the powder hghtness (L) to the storage time and atomizer speed. Such kinds of 
correlations can be used by dynamic models to manage the desired quality attributes of the dried 
powder. 
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The work presented in Chapter 3 shows the importance of the data acquisition method 
for mean particle size determination and the no-applicability of correlations found in literature 
for prediction of mean particle diameter. By the same token, simple regressions to predict outlet 
or product temperatures, developed in Chapter 4, are by no means definite or generally 
applicable. They were developed firom data obtained by spray drying soymilk under specific 
conditions. Notwithstanding the lack of generality of the developed correlations, this work shows 
how equations relating product quality attributes to spray drying parameters could be developed 
for incorporation into dynamic models. 
A psychrometric approach to the study of the internal behavior of the system was 
considered also in Chapter 4. Analysis of collected data showed that modeling the drying process 
as adiabatic saturation is not appropriate as many dynamics models assume. 
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Full-fat soymilk was successfully spray dried. Analysis of the data showed that inlet 
heated air temperature and atomizer speed did not affect proximate characteristics of spray 
dried soymilk for the ranges considered in this study. Product storability was assessed in 
terms of the color and insolubility over a one year period. Storage time and atomizer speed 
were related to the lightness (L) of the dried product while other color properties (i.e. a and 
b) appeared not to be effected by the various treatments. Spray dried soymilk insolubility 
exhibited an unpredictable trends over time that could not be related to any spray drying 
parameter measured. 
Comparison of ideal and experimental values showed that the drying air leaves the 
chamber at a much higher energy state than predicted by the adiabatic saturation assumption. 
Relations among dryer parameters were established for the outlet (R^ = 0.99) and product 
(collection bucket) (R^ = 0.80) temperatures. Calculated heat and moisture eflBciencies were 
higher than the thermal and evaporative efiBciencies foimd in the literature. Heat efficiencies 
were about 94% and included the sensible heat used in raising the product's temperature. 
Moisture efficiencies were around 88% and were very sensitive to wet bulb temperature 
fluctuations. Product yields stayed below 50% with roughly 40% of the spray dried solids 
lost with the exhaust air. 
Analysis of experimental particle size data showed that the significance of a mean 
diameter depends on the sieving method, dispersion agent and analysis algorithm used. 
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Furthermore, empirical relations reported in literature underpredicted the resultant 
particle size of the spray dried soymilk samples used in this smdy. Also, in contrast to 
the literature reporting the mfluence of atomizer speed and pumping rate on the resulting 
particle size of spray dried slurries, data showed the observed variability in particle size 
could not be explained by these factors. Further analysis of the data showed an inverse 
dependence of mean particle size on inlet temperature of the spray dryer. 
Review of spray drying models reported in the literature showed that static models 
have been favored in an attempt to understand the process. Dynamic models for control 
applications reported in literature, though scarce, prove the feasibility of controlling the 
spray drying process to achieve specific objectives (i.e., maintenance of outlet temperature or 
product moisture content). These models, however, are rather simplistic in that some of their 
assumptions have been dismissed by static model simulations (i.e., adiabatic saturation). The 
need exist to improve dynamic models of spray dryers by integrating knowledge gained fi^om 
static model simulations (i.e., improved heat, mass, and momentum balance equations). 
Spray drying of foods also demands the consideration of quality factors such as color, 
rehydration, density, solubility, and particle size as variables to be incorporated into dynamic 
models. Research is needed in this area to define quality standards of some spray dried goods 
(i.e., soymilk) and to develop the required formulations relating these quality factors to spray 
drying parameters. There is also a need for the development of appropriate instrumentation to 
measure those food related quality factors. 
This author contends that the development of control systems for food processes, 
spray drying specifically, must be focused, not only on the optimization of energy or the 
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maintenace of a given process parameter, but on the regulation of quality properties of the 
resulting products. For the conditions considered, this research study has shown the existence 
of relationships between spray dryer processing parameters and final properties. These 
relationships can be mathematically expressed to be incorporated into dynamic models or 
control systems. The assumption of adiabatic saturation to model the spray drying process 
was shown not to be appropriate and the specificity or unsuitablility of correlations reported 




a product redness(-)/greemiess(+) (tristimulus color parameter a) 
b product bIueness(-)/yellowness(+) (tristimulus color parameter b) 
Dj nominal aperture diameter of sieve i 
heat efficiency 
^emp evaporative efficiency 
"^moisture moisture efficiency 
Tloveraa overall thermal efficiency 
h height of vanes in atomizer wheel (m) 
hi^ enthalpy of air entering the drying chamber with temperature and 
humidity ratio (kJ/kg) 
enthalpy of air exiting the drying chamber with temperature and 
humidity (kJ/kg) 
hroom enthalpy of air with temperature T^„ and humidity ratio (kJ/kg) 
L product lightness (tristimulus color parameter L) 
L estimate of L 
(I feed viscosity (Pa.s) 
M feed mass flow rate (kg/s) 
n number of vanes in atomizer wheel 
N rotational speed of vaned atomizer wheel (rps) 
NSI nitrogen solubility index 
(0 rotary atomizer speed (rpm) 
Pvy^ unsat. water vapor partial pressure of air entering the drying chamber (Pa) 
P^ouuet unsaturated water vapor partial pressure of the air exiting the drying 
chamber estimated from measurements taken in the exhaust pipe (Pa) 
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Pvoutieusaoiraied Saturated water vapor partial pressure of the air exiting the drying chamber 
estimated from measurements taken in the exhaust pipe (Pa) 
P(Di) frequency of occurrence of diameter Dj calculated as the weight of sample 
on sieve i divided by the weight of total sample 
Q feed pumping/volumetric rate (1pm) 
r radius of vaned atomizer wheel (m) 
R thermal efficiency correction factor associated with radiation losses of the 
spray dryer 
Pfeed density (g/ml) 
P^aur water density (g/ml) 
a feed surface tension (N/m) 
ST Storage time (days) 
^bucket temperature inside the dryer product collection bucket (K) 
temperature of air entering the chamber after passing through the heaters (K) 
Toutlet temperature of air exiting the drying chamber (K) 
^outlet, saturated temperature of the air exiting the chamber if it were saturated (K) 
Troon temperature of air entering the drying chamber before passing through the 
heaters (K) 
humidity ratio of air entering the drying chamber 
humidity ratio of air exiting the drying chamber 
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APPENDIX n 
IMPLEMENTATION OF EXPERIMENTAL DESIGN 
Trial 
order Treatment Date 
Rim 
order" 






1 1 Oct.4 1 265 60 40 
2 2 Oct 4 2 265 80 60 
3 •-> J Oct 25 I 265 60 60 
4 4 Oct 25 2 255 60 60 
5 5 Oct 25 3 255 60 40 
6 6 Oct 25 4 265 80 40 
7 7 Nov. 1 1 255 80 60 
8 8 Nov. 1 2 255 80 40 
9 9 Nov. 1 -y J 275 80 60 
10 10 Nov. 8 1 275 60 60 
11 11 Nov. 8 2 275 60 40 
12 12 Nov. 8 '> J 275 80 40 
13 7 Nov. 15 1 255 80 60 
14 2 Nov. 15 2 265 80 60 
15 6 Nov. 15 J 265 80 40 
16 1 Nov. 15 4 265 60 40 
17 6 Nov. 22 1 265 80 40 
18 5 Nov. 22 2 255 60 40 
19 9 Dec. 6 1 275 80 60 
20 12 Dec. 6 2 275 80 40 
21 11 Dec. 6 3 275 60 40 
22 4 Dec. 15 1 255 60 60 
23 3 Dec. 15 2 265 60 60 
24 10 Dec. 15 J 275 60 60 
^ Run order represents the order in which a particular treatment was run on a specific date. 
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APPENDIX in 
COMPUTER COLLECTED DATA DURING SPRAY DRYING RUNS 
Computer collected data shows erratic fluctuations presumably caused by voltage drifts 
on the EXP-16 data acquisition board. The effect of including these data points on the calculation 
of the average temperature was, in general, negligible. 
October 4. 1994 - Run 1 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CC) (°C) CC) CC) 
0 103.64 100.85 51.23 22.49 32.57 32.57 
1 102.94 99.97 51.24 22.50 31.60 c JJ.JD 
2 103.12 101.20 50.48 21.70 29.24 29.63 
3 96.69 95.11 44.25 15.52 23.35 23.35 
4 97.57 94.40 44.83 14.11 22.56 23.75 
5 97.57 94.93 44.25 15.32 22.56 23.75 
6 97.22 94.93 44.83 14.92 23.16 22.56 
7 97.22 95.11 44.44 14.31 22.76 22.56 
8 97.22 95.64 45.02 14.72 23.35 23.35 
9 101.03 102.59 49.92 20.50 27.66 31.20 
10 108.66 101.90 53.32 22.70 31.79 33.94 
11 108.49 103.29 52.56 21.30 31.99 32.77 
12 110.22 103.81 52.00 23.29 31.79 32.97 
13 110.05 105.72 47.44 22.69 31.79 32.77 
14 110.57 105.38 47.25 21.50 32.77 34.33 
15 111.08 105.03 45.34 21.90 31.99 32.77 
16 110.91 104.86 42.47 23.30 31.99 33.36 
17 111.42 105.90 43.23 22.70 32.38 33.75 



































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
cc) CC) (°C) ec) CC) 
111.25 105.03 40.15 24.09 31-40 33.16 
112.97 105.72 40.34 22.30 30-02 29.24 
107.16 99.85 32.83 14.92 23-35 23.55 
106.30 99.50 32.24 14.51 24-15 23-95 
107.85 99.67 31.85 15.12 24-15 23-55 
107.33 99.15 31.26 15.32 22-95 22-95 
106.30 98.97 30.67 15.12 23-75 24.35 
107.16 99.50 30.67 15.12 24-15 23.55 
106.82 100.03 30.08 15.52 23-55 23.55 
107.33 99-50 29-30 15.12 22-76 23.95 
108.72 99.33 29.89 15.52 23-35 23.35 
108.55 99.33 29-30 15.52 22-76 22.76 
109.24 99.33 29.49 15.52 23-95 24-15 
110.79 99.85 29.30 14.92 24-75 23.35 
109.24 99.50 28.90 14.92 24-55 24.15 
110.44 99.15 28.31 15.12 23-55 23.55 
116.10 100.2 27.91 14.51 24-75 24.94 
123.74 99.50 27.72 15.72 24-75 23.55 
112.34 98.97 28-11 14.92 23.95 24.55 
113.20 99.15 27-52 14.92 23.16 23.75 
111.13 99.15 27-33 15.93 23.75 23.75 
111.65 99.33 26-73 15.32 23.75 23.75 
112.17 99.68 26-73 15.32 23.35 24.35 
110.62 99.33 26-73 14.72 23.16 23.95 
111.13 99.15 26-73 15.32 22.16 23.16 
111.65 99.33 26-33 15.52 23.35 23.35 
110.79 99.33 26.53 15.72 22.76 23.95 
111.82 99.50 25.74 15.72 22.76 23.95 
110.79 99.50 25.94 15.12 24.15 24.15 
110.44 98.97 25.94 15.12 24.15 23.55 
111.30 98.97 25.94 15.12 22.95 22.95 
109.93 99.50 25.34 15.12 23.95 23.55 



































Exhaiistdry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
ec) rc) CQ CQ (°C) 
111.30 99.50 25.34 15.52 24.15 23.55 
110.79 99.50 25.34 15-12 24.15 24.15 
111.47 99.67 24.75 15-12 24.15 23.75 
111.47 99.67 25.54 14-51 24-15 24.15 
111.13 98.97 24.75 15-72 22.95 24.35 
111.47 99.67 25.34 15.12 23.55 23.75 
112.34 98.80 24.75 15-12 24.15 24.15 
111.47 98.97 25.34 15.72 23.55 24.75 
111.99 98.97 24.75 16.33 24.15 24.15 
111.99 98.97 24.94 15.72 24.15 24.15 
110.96 99.50 25.54 14.31 24.15 23.75 
112.85 99.67 24.75 15.12 24.75 24.75 
113.02 99.15 25.34 15.12 23.75 24.75 
112.51 98.62 25.54 15.12 23.75 23.75 
113.36 99-15 24.94 15.32 23.15 24.35 
113.54 99-15 24.35 15.93 23.15 23.75 
112.16 98.62 24.35 15.93 23.75 24-35 
113.19 98-80 24.94 15.32 23.75 23-75 
113.19 98-62 24.94 15.52 24.35 23-95 
112.68 98-62 26.33 14.71 24.35 23-75 
113.54 98.62 26.13 15.12 23.75 24-35 
115.25 99.15 26.13 14.71 24.35 24-35 
113.19 98.62 26.13 15.32 24.35 24.94 
115.25 99.67 26.13 15.52 24.54 23.95 
114.73 98.62 26.13 14.71 24.54 24.35 
114.05 99.15 26.13 15.12 23.55 24.35 
114.39 98.80 25.94 14.92 24.75 24.75 
113.37 99.33 25.74 15.52 23.35 24.55 
113.71 99.15 25.74 15.52 23.35 24.35 
114.91 98.80 25.14 15.52 23.95 25.14 
114.56 98.97 25.94 15.72 24.75 24.15 
114.05 98.45 25.34 15.72 23.55 23.95 
115.08 98.45 25.34 15.72 24.15 24.75 
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Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CQ ec) (°C) CO CQ 
85 114.56 98.45 24.75 15.12 24.35 24.15 
86 113.70 98.10 25.54 15.72 24.94 23.75 
87 115.08 98.10 24.75 15.12 24.15 24.94 
88 113.54 98.10 24.94 16.53 24.35 24.15 
89 113.88 97.22 24.75 15.12 24.55 24.75 
90 114.39 97.75 25.14 15.52 23.95 25.14 
91 114.05 97.75 24.75 15.72 23.55 24.75 
92 114.39 97.22 25.14 14.92 23.35 24.55 
93 115.93 97.75 24.55 16.33 23.35 24.75 
94 114.39 97.75 24.75 16.13 23.95 25.14 
95 114.56 97.22 24.75 15.72 24.15 24.75 
96 115.08 97.39 25.34 16.33 23.55 23.55 
97 114.56 97.92 25.34 16.33 24.35 25.34 
98 113.88 97.39 24.55 16.33 23.95 24.55 
99 114.39 97.57 25.34 15.72 24.75 24.15 
100 114.56 97.39 24.94 16.33 24.94 24.94 
101 114.91 96.87 24.55 16.13 24.75 24.55 
102 115.42 97.22 24.75 15.72 24.15 25.34 
103 114.39 97.22 23.95 15.52 24.15 24.55 
104 114.74 97.22 25.14 16.13 24.55 24.95 
105 115.08 97.05 24.95 15.93 23.75 24.95 
106 114.57 97.05 24.95 16.34 23.75 24.95 





115.76 98.63 24.95 15.93 24.15 24.95 
109 114.74 99.68 24.75 15.93 24.35 24.35 
110 115.93 101.43 25.14 17.14 23.75 24.95 
111 116.28 103.87 24.95 16.54 24.35 24.35 
112 115.25 106.12 24.35 17.34 24.35 24.95 
113 115.93 108.72 25.14 17.34 23.95 24.55 
114 116.79 110.62 24.95 17.75 24.95 24.35 
115 114.74 111.13 24.95 17.14 24.95 24.95 
116 115.76 112.34 25.74 17.95 24.55 24.55 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
ec) ec) CQ ec) CC) 
115.25 113.37 25.74 18.35 24.35 24.95 
116.28 113.71 25.54 17.75 24.95 24.95 
121.49 121.67 30.81 21.30 31.99 32.18 
117.93 116.23 30.82 22.70 31.01 31.21 
120.65 118.61 28.65 21.30 27.66 27.07 
117.81 115.25 23.16 15.93 21.96 21.96 
115.76 115.25 23.95 17.95 22.16 22.16 
115.93 116.44 23.95 17.34 23.35 22.36 
116.96 115.59 24.15 18.15 21.76 22.95 
115.08 115.76 23.55 18.95 21.76 23.15 
113.54 115.25 23.15 17.74 21.76 23.15 
112.16 113.54 22.55 17.74 21.95 22.55 
110.10 112.16 23.15 17.74 21.95 22.55 
109.58 110.61 22.55 18.35 21.95 22.55 
108.37 110.61 21.95 18.95 21.76 21.95 
103.86 106.99 22.55 17.74 21.36 22.55 
102.82 105.60 23.15 17.74 23.15 21.95 
100.90 102.47 22.15 18.55 22.75 22.15 
98.10 100.55 22.55 18.95 22.55 21.95 
92.28 97.04 23.15 18.35 21.76 21.95 
85.69 92.28 22.36 16.94 22.95 21.95 
80.30 87.48 21.95 18.35 23.55 23.15 
75.59 82.10 24-94 20.15 24.35 24.35 
70.48 76.13 24.35 20.75 24.15 24.75 
66.62 71.03 24.35 19.96 23.55 24.35 
62.17 66.80 24.94 20.15 23.55 24.94 
58.82 62.73 25.34 20.56 23.75 24.15 
59.13 68.58 35.69 30.21 33.74 31.39 
53.89 59.51 36.86 23.70 25.88 32.58 
59.32 58.95 34.72 23.49 27.27 26.08 
54.13 53.00 27.52 17.95 24.55 20.36 
54.31 53.18 28.11 18.75 23.35 22.36 
53.56 54.31 27.72 17.95 23.95 22.36 
October 4. 1994 - Run 2 
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Sample Exhaust dry Exhaust wet CoUection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO C C )  C C )  CO CC) 
0 65.70 65.70 51.11 12.28 23.16 24.95 
1 65.14 65.14 50.54 12.28 21.96 25.54 
2 62.92 65.14 50.54 12.28 22.76 24.95 
3 66.80 65.70 50.54 12.89 23.16 24.95 
4 73.95 67.91 51.11 12.89 22.96 24.95 
5 76.50 70.66 53.94 12.28 23.75 24.75 
6 77.77 72.86 55.07 12.89 23.75 24.35 
7 77.59 73.95 55.07 12.89 23.75 24.35 
8 78.86 75.05 56.20 12.89 23.75 24.15 
9 79.76 76.14 56.76 12.89 23.16 23.75 
10 78.68 77.23 56.57 12.69 23.56 24.35 
11 80.30 77.59 56.57 12.69 22.96 23.56 
12 80.85 77.77 56.76 13.30 22.96 24.15 
13 80.48 78.86 57.32 13.70 23.16 23.75 
14 80.66 79.22 58.07 12.48 23.35 23.95 
15 82.11 79.58 57.88 13.09 23.35 23.75 
16 82.28 79.94 58.45 12.89 23.16 23.56 
17 81.57 79.94 58.45 12.89 23.16 24.35 
18 82.47 80.48 58.26 12.07 23.75 23.75 
19 83.01 81.39 59.38 13.50 23-16 23.56 
20 82.11 81.57 59.57 12.89 23.16 24.35 
21 82.64 81.02 61.24 13.70 23.75 23.75 
22 83.90 81.02 61.43 13.50 23.16 23.95 
23 83.90 82.11 62.92 13.50 23.35 23.95 
24 83.18 82.28 62.36 12.89 23.35 23.35 
25 83.90 82.28 61.99 13.09 23.35 23.35 
26 90.45 89.03 69.13 22.29 32.37 34.13 
27 89.92 89.20 69.50 21.49 32.18 33.94 
28 91.34 89.38 68.40 22.29 32.77 34.92 
29 90.63 89.56 68.95 20.70 33.15 33.75 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CC) CC) C C )  CO CO 
91.51 89.74 69.S7 21.30 32.37 33.94 
92.22 90.09 67.85 20.70 32.37 33.35 
91-51 89.56 69.13 21.30 31.99 33.55 
92.22 90.10 68.77 21.90 31.99 34.13 
93.11 90.27 69.50 21.89 32.37 34.13 
92.04 90.80 69.50 20.89 31.99 34.13 
92.04 90.62 69.32 20.49 30.41 30.22 
86.94 84.79 62.73 13.49 23.15 23.15 
85.69 84.62 62.17 13.90 23.55 23.15 
86.23 85.15 64.95 13.29 22.95 24.15 
87.12 84.44 65.32 13.29 23.35 23.95 
87.12 84.80 65.14 13.09 23.75 23.16 
85.87 84.98 64.21 13.09 23.95 23.95 
86.95 84.98 63.66 13.09 23.95 23.35 
87.12 85.69 64.95 13.90 23.95 23.55 
86.59 85.51 64.21 13.29 23.35 23.55 
86.59 85.51 64.21 13.70 23.95 23.55 
87.48 85.34 64.03 12.89 23.75 23.16 
86.59 85.87 63.66 13.09 23.75 23.75 
86.95 85.34 62.92 12.89 22.96 23.95 
87.30 85.70 62.73 12.28 23.56 24.35 
86.23 86.41 64.03 13.50 23.75 22.96 
86.77 85.87 63.29 12.89 23.75 22.56 
87.84 86.41 63.85 13.50 23.75 23.75 
86.77 85.70 63.29 13.91 23.56 24.15 
86.77 85.70 62.73 12.69 23.36 23.36 
88.20 86.23 62.73 13.30 23.56 23.96 
93.82 93.46 69.69 21.10 32.38 34.92 
86.77 85.87 62.18 13.50 22.96 23.56 
87.30 84.80 59.94 11.05 21.36 20.76 
84.80 84.80 60.13 11.66 21.16 20.76 
85.34 84.26 62.36 12.28 21.36 22.56 






























Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CC) CC) CO CO 
89.26 87.12 60.13 14.31 23.75 23.75 
87.48 86.59 59.57 13.50 23.75 24.55 
88.55 86.95 59.57 13.50 23.95 23.75 
87.48 87.12 59.01 13.50 23.75 23.75 
87.30 86.95 58.45 13.30 23.75 23.75 
88.02 86.41 57.88 14.31 23.75 24.95 
87.48 86.41 57.32 13.50 23.75 23.75 
94.70 93.81 64.34 22.89 32.96 34.52 
94.00 93.11 64.15 22.10 32.77 33.94 
94.70 93.29 63.78 23.29 33.35 34.52 
94.17 93.82 63.41 22.30 33.16 33.94 
94.53 92.58 63.97 21.50 32.38 34.53 
88.37 86.95 56.01 15.32 23.75 23.75 
94.70 92.58 64.34 24.29 32.77 35.11 
94.53 93.29 62.67 22.90 30.42 30.81 
88.55 86.95 55.63 15.93 23.75 23.56 
93.34 86.95 55.82 16.13 23.75 24.95 
97.05 88.73 55.26 16.54 23.95 24.35 
81.57 88.02 . 54.51 16.54 23.75 23.16 
84.80 85.34 55.07 16.54 23.75 24.35 
89.09 86.05 54.51 17.14 23.75 24.35 
83.18 86.05 54.32 17.14 23.75 24.35 
84.80 85.51 54.13 16.74 23.75 24.35 
88.02 86.05 54.13 16.74 23.16 23.16 
83.18 85.51 53.94 17.34 23.95 23.16 
77.23 83.72 53.94 17.14 23.75 23.75 
75.05 80.48 53.38 16.54 23.75 23.75 
77.71 84.38 60.63 31.79 31.20 34.72 
October 25. 1994 - Run 1 
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Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CO CC) (°C) rc) 
0 89.08 85.87 53.94 8.59 23.75 24.35 
1 89.97 86.23 53.75 7.77 22.16 24.75 
2 95.75 94.52 61.00 16.06 jj.JS 35.10 
3 96.46 93.99 62.11 16.67 3237 34.72 
4 97.69 93.64 62.11 15.66 32.17 34.91 
5 97.16 93.46 62.67 17.27 31.79 34.72 
6 97.34 94.34 63.41 17.27 31.79 35.11 
7 100.32 95.22 63.60 16.47 32.37 34.33 
8 99.97 95.75 66.00 17.07 32.57 35.10 
9 99.62 96.28 68.03 15.25 30.61 30.61 
10 94.57 90.32 63.10 8.79 23.95 24.54 
11 93.87 91.75 64.03 7.97 23.75 23.75 
12 94.22 91.21 65.14 8.59 23.75 23.55 
13 95.81 92.28 66.62 8.59 23.75 24.15 
14 94.05 92.10 67.17 9.00 22.95 24.75 
15 95.46 92.63 67.72 8.38 23.55 23.55 
16 95.81 92.63 69J6 8.59 23.15 23.75 
17 95.28 92.81 70.66 8.59 23.15 24.35 
18 95.99 93.34 71.21 9.20 23.75 24.94 
19 96.34 93.69 72.13 7.77 22.95 23.55 
20 95.11 92.99 72.49 8.18 23.35 23.35 
21 95.81 93.16 73.22 8.38 23.55 24.15 
22 96.17 93.16 74.32 8.38 23.55 23.55 
23 95.28 92.10 74.32 8.38 24.35 23.75 
24 97.04 92.81 75.04 9.62 24.35 23.55 
25 97.04 93.34 75.59 9.00 23.75 24.94 
26 95.81 93.87 75.95 9.00 24.15 23.55 
27 96.34 93.16 76.50 9.62 24.15 23.55 
28 95.81 94.22 76.50 9.00 23.55 24.15 
29 95.64 93.52 76.32 8.80 23.35 24.15 




































Exhaust dry Exhaust wet Collectioii Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CQ CO CC) CO ro 
96.87 9422 77.59 9.62 23.95 23.55 
96.87 94.22 77.59 9.00 23.55 23.55 
97.92 94.75 78.13 9.00 23.55 23.55 
96.69 95.11 78.67 9.00 23.55 24.15 
97.57 94.40 78.13 9.20 24.15 24.35 
98.10 94.93 79.40 8.59 24.94 24.15 
96.34 94.40 79.40 9.20 24.94 24.15 
97.39 94.75 78.67 9.00 24.15 23.55 
97.39 94.93 79.22 9.00 24.35 24.15 
96.87 95.28 79.76 9.00 24.35 23.75 
97.92 95.28 80.30 9.00 23.55 24.15 
97.92 95.28 80.84 9.00 23.95 24.55 
97.39 95.28 80.84 9.00 23.55 23.55 
98.45 95.28 80.84 9.00 23.55 24.55 
97.39 95.28 80.84 9.00 24.15 23.55 
96.87 94.75 80.84 9.00 23.55 24.15 
97.92 95.46 81.02 9.20 23.55 24.35 
97.57 95.46 81.02 9.00 24.35 23.55 
97.57 94.93 81.02 9.20 24.35 24.35 
98.10 94.93 81.56 9.20 24.35 23.75 
97.04 95.28 81.38 9.62 24.15 23.55 
97.92 94.75 81.92 9.00 24.15 24.15 
97.92 95.28 81.92 9.00 24.15 24.75 
96.87 95.11 81.74 8.80 23.35 24.55 
97.75 95.28 81.92 9.62 23.55 23.55 
97.75 95.28 81.38 10.23 22.95 23.55 
97.39 94.75 81.92 9.62 23.75 23.55 
97.92 95.28 81.92 9.00 23.55 24.35 
97.92 95.81 79.22 9.62 23.55 24.94 
96.87 95.28 74.32 9.62 24.35 24.35 
98.10 95.28 74.86 9.82 24.35 24.35 
97.57 95.46 76.13 9.82 24.35 23.75 



































Exhaust dry Exhatistwet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
ec) ec) CQ CC) CC) 
98.45 95.28 75.95 9.62 24.15 24.75 
97.75 95.28 74.68 10.03 23.95 23.95 
97.75 95.11 74.68 10.03 23.95 24.55 
98.45 95.81 75.95 10.23 23.95 24.15 
96.69 95.11 75.77 10.03 23.55 24.75 
97.75 94.75 75.41 10.23 23.35 24.55 
97.75 95.28 75.95 10.03 23.55 23.95 
96.87 95.28 75.41 9.62 24.15 24.15 
96.87 94.75 75.41 9.82 24.15 23.55 
97.57 94.93 75.59 9.82 24.35 24.35 
96.87 94.40 75.59 10.43 24.35 24.35 
98.10 94.40 75.41 10.43 24.75 24.75 
97.22 95.28 75.41 10.84 24.15 24.94 
97.75 94.22 75.41 10.84 23.95 24.75 
97.75 94.75 75.23 10.64 23.55 25.34 
96.69 94.75 75.23 10.84 24.15 . 24.75 
97.75 94.58 75.23 10.64 23.95 24.55 
98.80 95.28 74.68 10.64 23.35 24.55 
97.75 95.64 74.68 11.46 24.15 24.15 
100.55 96.87 74.86 11.46 24.15 24.15 
106.30 98.97 74.32 11.46 23.55 24.35 
100.55 98.45 74.32 12.07 24.15 24.15 
100.03 98.10 75.04 11.46 24.35 24.35 
98.80 97.39 74.86 12.07 24.15 24.15 
97.92 96.34 74.32 11.46 24.35 24.15 
98.97 95.64 74.32 11.25 23.95 24.55 
98.45 95.81 74.32 12.07 24.15 24.15 
98.27 95.28 73.59 11.25 24.15 25.34 
98.45 95.81 73.22 12.27 24.15 25.14 
97.22 95.81 72.67 12.68 24.15 25.34 
98.27 95.46 72.67 12.07 23.55 24.15 
98.45 95.28 72.67 13.29 24.15 24.15 





























Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
ec) (°C) CO ec) CC) 
98.45 95.28 72.31 13.49 23.55 24.35 
97.92 95.28 71.58 13.29 23.75 24.15 
97.92 94.75 71.03 13.29 24.75 23.55 
98.45 95.46 71.03 14.10 24.15 24.35 
97.92 94.75 71.03 14.92 24.75 24.55 
97.75 94.22 70.30 14.92 24.75 23.55 
98.45 95.28 71.03 16.94 24.15 24.75 
98.45 94.75 70.48 17.54 •23.55 24.75 
99.33 95.28 69.75 17.54 24.15 24.55 
95.81 94.75 70.48 17.54 24.15 23.95 
101.60 95.81 69.93 17.34 24.15 24.55 
96.87 96.34 69.38 17.54 23.55 24.75 
97.92 95.28 67.90 17.54 23.55 24.35 
90.86 92.63 66.62 17.54 23.55 24.15 
92.10 91.04 65.51 18.15 24.15 24.75 
90.15 88.37 64.58 18.35 24.15 24.75 
86.76 86.76 64.03 18.75 23.75 24.35 
80.84 83.54 62.73 18.75 24.15 23.55 
76.50 79.76 62.17 18.75 24.15 24.75 
71.03 75.41 61.06 18.15 24.75 24.55 
73.89 78.97 68.21 26.86 33.93 34.91 
69.32 73.89 67.84 28.04 32.17 34.13 
66.93 69.87 66.18 26.47 33.74 34.52 
64.15 66.00 65.08 27.65 32.17 35.49 
60.81 63.04 64.89 27.46 32.57 34.71 
57.45 61.37 64.71 27.26 32.57 34.33 
October 25. 1994 - Rim 2 
171 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CQ CC) (°C) CC) CO 
0 95.93 92.22 61.00 13.23 32.57 38.02 
1 91.52 92.22 62.67 13.84 31.20 36.47 
2 99.97 93.11 62.30 14.04 31.20 36.66 
3 100.67 95.05 63.04 12.61 31.40 37.83 
4 101.37 94.52 64.71 12.21 32.18 37.63 
5 102.24 95.93 65.08 12.82 31.99 35.50 
6 102.94 97.87 66.74 12.41 32.18 36.08 
7 105.37 98.57 69.50 13.02 32.18 36.27 
8 106.93 99.97 70.60 14.65 31.00 35.11 
9 106.07 101.02 71.15 14.04 32.18 34.33 
10 105.37 100.32 71.34 13.43 31.98 34.52 
11 105.03 101.36 71.52 12.82 29.82 31.40 
12 100.03 95.46 65.14 4.88 23.55 24.15 
13 99.67 95.46 65.51 4.67 23.75 24.75 
14 99.50 95.28 65.51 6.12 22.36 24.15 
15 100.55 96.51 66.06 5.50 23.55 24.15 
16 101.07 96.87 66.62 5.29 23.55 24.75 
17 99.85 96.34 67.17 5.29 24.15 24.75 
18 100.38 96.34 67.72 5.91 23.55 24.55 
19 101.60 97.39 68.27 5.29 22.95 24.15 
20 100.90 97.39 68.27 5.29 23.95 24.15 
21 100.90 96.87 68.82 5.29 23.55 23.55 
22 101.43 97.39 68.82 5.91 23.55 24.15 
23 102.65 97.39 68.82 5.91 22.95 24.15 
24 101.43 97.22 69.93 5.91 24.15 24.75 
25 102.12 97.39 69.93 5.71 24.15 24.15 
26 102.47 97.92 70.48 5.29 23.55 24.15 
27 101.95 97.92 70.48 5.29 22.95 24.15 
28 101.95 97.39 71.03 4.67 23.55 23.95 
29 102.65 97.39 71.39 5.29 23.35 24.55 
30 102.47 98.27 71.94 5.29 23.95 23.95 
172 
Sample Exhaxistdry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
ec) CC) ec) ec) CO 
31 102.47 97.75 70.85 5.29 23.95 24.75 
32 103.00 97.22 71.39 5.91 23.35 24.15 
33 103.52 98.27 74.13 6.33 23.95 23.95 
34 101.95 97.22 73.77 5.91 23.35 24.55 
35 102.12 97.22 74.13 6.53 22.76 24.15 
36 103.00 97.75 73.59 5.71 23.35 24.15 
37 101.78 97.22 73.95 6.33 23.35 23.95 
38 102.30 97.57 77.41 5.50 23.95 23.75 
39 103.35 97.57 78.31 6.12 23.16 23.75 
40 103.69 97.57 77.23 5.50 23.16 23.75 
41 102.65 96.52 76.50 5.92 23.56 24.95 
42 102.13 96.52 76.68 5.50 23.56 24.35 
43 103.17 96.52 79.40 5.50 23.75 23.75 
44 102.82 97.22 79.04 5.71 23.75 24.35 
45 102.82 95.64 72.31 6.33 24.35 23.35 
46 102.82 96.17 71.76 6.33 23.75 24.35 
47 103.17 95.99 72.68 5.92 23.75 23.75 
48 102.13 95.46 73.41 6.12 23.75 23.35 
49 102.82 95.11 73.04 6.74 23.35 24.35 
50 103.87 95.64 73.59 6.33 23.95 24.55 
51 102.47 94.58 73.04 6.95 23.95 24.55 
52 103.00 94.05 73.04 6.33 23.95 23.95 
53 104.04 94.40 73.41 6.74 23.16 23.95 
54 103.52 93.52 73.59 23.35 24.35 
55 102.82 92.46 73.41 O.JJ 23.95 23.75 
56 104.04 92.99 73.41 6.33 23.35 23.35 
57 104.04 92.46 73.59 6.95 23.95 23.35 
58 102.82 91.04 73.41 6.95 23.35 23.95 
59 103.87 90.86 74.13 6.74 23.95 23.95 
60 104.39 90.86 74.13 6.95 23.35 23.16 
61 103.52 89.26 74.13 6.74 23.35 24.55 
62 104.22 90.33 73.41 6.95 24.55 23.75 


































Exhaust dry Exhaust wet Collectioii Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
(°C) CO CO ec) (»C) 
104.04 89.97 73.04 7.56 24.55 24.55 
105.08 90.33 73.59 7.77 23.95 23.95 
105.60 91.04 73.22 6.95 23.95 24.15 
104.73 91.57 72.67 6.53 24.15 24.15 
104.73 91.04 72.49 7.15 24.15 23.55 
105.78 91.57 72.13 6.95 23.55 24.75 
105.78 93.16 72.67 7.77 24.75 24.15 
104.73 93.16 72.13 7.77 23.55 24.75 
105.25 92.63 72.13 7.77 23.55 23.75 
106.82 92.63 72.67 8.38 24.15 23.95 
104.73 91.57 72.13 7.56 24.15 24.15 
105.78 91.57 72.67 7.77 24.15 24.15 
106.64 93.69 72.85 8.38 24.15 24.15 
105.25 93.69 72.31 8.38 23.55 24.75 
105.60 93.16 72.67 8.38 24.15 24.15 
105.60 92.63 71.94 8.38 23.35 23.95 
105.08 92.63 72.67 8.38 23.55 24.15 
104.56 92.63 72.13 7.77 23.55 24.15 
105.08 92.63 72.13 9.62 23.55 24.55 
105.60 94.22 72.67 9.62 23.95 24.75 
105.08 93.69 73.77 9.62 24.15 23.55 
105.78 95.28 73.22 10.23 24.15 24.15 
105.78 95.81 72.67 9.41 23.55 23.95 
104.56 96.34 72.13 10.23 23.95 23.95 
105.25 97.39 71.58 10.23 23.55 23.55 
105.60 98.80 71.03 11.46 24.55 23.55 
105.08 99.85 70.30 11.25 23.95 23.35 
104.56 99.85 69.93 11.87 23.95 23.95 
105.60 101.43 69.19 11.87 23.95 23.95 
104.56 102.12 69.19 12.48 23.95 23.95 
104.56 101.95 69.38 13.29 23.95 24.15 
105.60 102.65 68.64 13.29 23.95 24.15 




































Exhaust dry Exhaust wet Collection Feed tank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ ("O CC) CQ CQ 
104.73 103.69 68.27 13.90 23.55 24.75 
106.30 104.04 67.72 15.12 23.55 24.75 
107.68 104.73 67.72 15.72 24.15 24.75 
102.65 103.17 67.54 15.72 24.15 23.95 
111.82 103.52 67.72 15.72 23.55 24.15 
109.24 107.33 66.62 15.72 24.15 23.95 
102.12 104.73 66.06 16.94 23.55 24.15 
96.69 99.67 66.24 16.53 23.55 24.75 
100.03 98.97 65.51 16.33 23.55 23.95 
101.60 98.97 64.95 16.33 23.55 23.75 
102.94 105.37 71.33 24.09 32.17 34.13 
97.16 101.72 69.50 25.68 32.76 34.52 
91.69 97.16 71.52 25.68 32.57 33.94 
87.06 91.87 69.32 24.48 31.59 33.74 
81.32 87.60 68.95 24.88 31.00 34.13 
77.35 82.40 69.13 27.45 31.98 34.72 
72.80 77.52 69.13 25.47 30.61 29.82 
61.61 66.80 61.80 17.74 23.15 24.35 
59.56 63.47 61.80 17.74 23.75 23.75 
57.13 60.12 60.68 18.35 23.15 23.55 
54.31 56.76 60.12 18.15 22.95 24.35 
52.62 55.07 60.68 4.88 22.95 24.15 
51.48 52.80 60.50 4.88 23.55 23.95 
60.06 59.13 66.37 12.82 33.15 jj.JD 
58.01 59.13 37.05 12.00 32.96 33.94 
55.20 57.82 31.98 12.00 33.74 33.74 
53.88 56.51 30.81 12.41 35.69 34.72 
52.74 54.82 29.43 12.61 35.10 34.52 
52.74 53.88 29.04 13.43 34.33 34.92 
53.69 54.63 31.78 12.82 35.88 35.10 
53.88 54.44 29.43 10.99 35.89 34.13 
52.18 53.12 31.59 12.21 34.91 34.52 
51.62 52.74 30.02 11.80 33.75 31.99 
175 
Sample Exhaust dry Exhaust wet Collectioii Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CQ CQ CQ CO C C )  
130 41.56 45.21 22.95 4.67 26.53 25.34 
131 43.04 47.24 24.88 13.23 32.57 32.96 
132 54.45 50.48 30.81 13.63 34.52 35.31 
133 68.22 58.01 3022 13.63 32.57 35.89 
134 78.98 70.60 29.62 12.61 30.41 31.99 
135 81.38 71.76 21.95 6.12 22.95 24.15 
136 92.10 81.02 21.76 5.29 22.55 24.94 
137 92.63 85.69 21.76 5.29 22.95 24.15 
138 91.39 88.37 22.36 5.91 22.95 25.34 
139 82.82 86.76 21.76 5.91 22.95 24.35 
140 78.49 81.92 21.76 5.91 22.95 24.15 
141 79.22 80.30 21.95 6.53 22.95 24.15 
142 79.76 79.22 21.76 5.29 23.55 23.95 
143 80.84 80.30 21.76 5.29 22.95 24.35 
144 79.76 79.76 21-76 4.67 22.36 24.15 
145 79.22 79.76 21.95 5.91 22.95 23.55 
146 80.66 80.48 21.76 5.29 22.36 24.75 
147 79.76 79.22 21.76 5.91 23.15 22.95 
148 84.62 81.38 21.95 5.91 23.55 22.95 
November 1. 1994 - Run 1 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
.(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CQ CQ CQ rc) CQ 
0 95.05 89.56 64.53 15.05 31.00 30.81 
1 100.67 88.49 64.15 15.05 30.41 30.41 
2 94.53 89.56 65.64 14.45 30.22 30.81 
-y J 95.75 89.92 66.37 15.46 30.22 31.00 
4 182.87 90.27 65.82 13.43 30.61 31.20 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bxilb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
ec) CQ CC) ec) CQ 
98.74 91.34 68.03 15.46 31.00 30.42 
99.10 92.93 68.95 14.25 31.20 31.00 
101.02 92.22 69.32 14.24 29.83 31.59 
100.67 94.17 71.52 14.65 30.22 31.20 
101.02 94.00 71.52 14.44 30.61 32.18 
102.94 94.87 72.07 14.45 31.20 30.81 
102.42 94.00 72.07 14.85 30.81 31.40 
102.07 94.35 72.98 14.25 30.81 31.20 
102.59 95.05 73.35 14.04 28.84 27.46 
96.17 88.73 67.36 6.74 22.76 20.96 
96.17 88.19 67.72 6.95 22.95 20.76 
97.22 89.26 68.82 6.95 22.36 20.96 
96.17 89.26 68.82 6.53 22.36 20.56 
96.69 88.73 68.64 7.15 23.55 22.16 
97.75 89.80 69.19 6.95 22.76 20.96 
96.69 89.44 69.19 7.56 23.55 21.76 
97.75 89.80 69.19 6.95 22.76 20.96 
98.10 89.80 70.30 7.56 22.76 21.56 
97.75 89.26 70.85 7.15 23.35 20.96 
98.80 90.33 70.85 6.95 22.76 20.96 
98.10 89.80 71.39 7.56 23.35 21.56 
98.80 90.33 71.39 7.56 22.16 20.36 
99.15 90.33 71.21 7.56 23.35 20.96 
104.51 96.99 78.62 15.87 31.40 30.61 
104.85 92.22 74.08 14.25 31.40 26.67 
104.51 97.52 75.17 12.41 31.20 28.25 
104.68 95.76 79.16 16.87 30.22 30.81 
101.02 92.76 77.72 11.80 29.24 29.04 
106.07 97.52 79.16 15.87 31.40 30.81 
106.24 97.16 80.24 16.07 31.59 31.20 
106.94 96.11 79.16 15.87 31.40 31.99 
105.03 97.52 80.79 10.78 30.81 26.67 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CC) ec) CC) C C )  CC) 
106.24 96.82 80.79 16.07 30.02 30.81 
104.68 96.81 77.53 11.81 3022 28.64 
106.42 93.64 77.90 8.94 26.47 29.04 
103.64 89.20 77.90 11.60 28.65 29.24 
102.24 93.11 76.99 9.35 27.26 30.81 
102.42 87.78 79.16 9.97 29.83 29.63 
108.15 92.93 81.86 15.26 30.22 31.79 
106.07 92.04 81.86 17.07 30.41 31.00 
106.42 91.87 81.33 17.28 30.81 31.59 
107.63 92-40 80.60 15.66 31.20 31.79 
107.46 89.92 78.98 14.65 34.33 25.08 
108.32 91.69 81.51 15.87 29.82 31.98 
107.11 92.04 81.69 16.07 31.40 31.40 
103.47 89.74 79.16 15.26 31.59 29.83 
105.20 91.16 83.12 16.67 32.37 29.23 
98.62 83.72 73.58 6.74 20.95 17.94 
106.41 91.87 77.71 15.06 27.46 29.43 
106.94 91.16 80.97 14.65 26.87 28.06 
106.76 92.22 77.89 14.44 30.61 28.65 
105.03 89.38 80.60 12.41 26.07 23.69 
107.80 92.58 82.58 18.28 31.99 33.35 
107.46 92.76 82.05 17.48 30.61 31.20 
100.55 84.79 74.50 6.12 20.75 16.94 
108.32 93.28 83.66 18.69 31.59 31.99 
105.72 91.34 83.49 14.65 31.01 28.06 
107.11 91.34 81.33 15.46 27.07 29.23 
107.80 94.87 83.66 17.48 29.82 27.85 
107.28 95.05 82.77 18.09 31.40 32.18 
105.20 95.58 80.97 15.26 26.08 29.83 
108.32 97.52 84.02 18.69 29.04 31.39 
107.28 99.09 83.48 18.69 29.04 28.45 
100.20 93.87 76.13 8.59 21.55 19.75 
































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
ec) ec) CC) rc) CC) 
106.94 99.62 80.06 16.87 30.61 28.45 
102.82 99.15 77.59 12.27 21.95 20.75 
103.99 105.90 82.77 20.50 25.08 29.63 
107.11 104.50 82.40 17.48 26.27 24.29 
108.83 106.93 85.10 20.49 29.23 28.05 
107.46 106.76 84.92 15.67 31.40 28.05 
108.84 101.90 86.17 19.90 25.09 29.82 
103.98 107.97 81.33 21.49 26.67 28.25 
105.90 103.29 82.23 18.29 25.87 30.02 
104.51 106.42 79.16 22.10 29.04 30.81 
99.68 99.15 77.95 12.89 20.36 18.55 
107.98 103.29 85.64 16.28 26.08 30.02 
106.25 105.20 85.64 13.63 24.29 29.63 
107.80 107.11 86.36 19.49 31.60 31.99 
106.94 106.42 81.87 18.49 25.88 28.65 
105.38 103.64 82.95 17.48 29.04 27.86 
109.18 101.37 85.10 20.50 32.77 31.20 
105.55 102.59 84.74 19.09 27.85 28.45 
108.15 104.16 82.94 17.28 27.06 31.00 
102.24 107.28 79.88 21.90 31.60 31.40 
108.49 106.07 87.42 17.08 31.99 25.47 
117.92 111.59 87.07 24.68 31.00 32.18 
109.70 112.97 88.85 22.90 31.99 31.79 
108.49 110.05 88.49 24.48 31.79 31.59 
110.91 109.87 76.99 24.48 30.81 31.79 
109.87 108.66 77.35 24.09 31.79 32.18 
107.46 108.49 77.17 24.29 31.79 31.99 
109.01 107.28 77.17 25.08 31.00 31.40 
107.97 107.63 78.07 25.28 31.59 31.99 
103.28 106.41 78.79 26.07 32.76 31.79 
98.21 102.76 77.71 24.68 32.17 32.17 
91.51 98.39 76.80 25.47 31.98 32.57 
































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
C C )  CC) ec) CC) («C) 
80.78 88.14 73.34 25.47 31.79 31.20 
76.44 83.30 72.25 25.87 32.17 31.79 
72.80 78.44 70.05 25.28 31.79 31.59 
6S.77 74.26 68.03 26.66 31.00 31.59 
66.18 70.05 66.19 25.87 31.98 30.81 
62.86 67.11 64.53 27.06 31.40 30.02 
58.95 63.60 66.56 26.27 31.00 31.40 
58.39 61.18 67.11 25.48 31.20 31.59 
60.25 60.44 66.19 26.86 32.77 31.20 
59.32 60.62 66.19 27.06 34.13 31.40 
59.13 60.44 66.19 27.26 33.94 32.18 
55.95 59.69 65.63 27.26 33.94 32.77 
55.57 57.82 65.08 26.66 34.91 32.18 
53.88 56.70 64.52 26.67 34.33 31.79 
52.18 55.20 64.52 26.86 34.91 31.79 
52.94 54.63 63.97 26.27 34.33 32.96 
53.31 53.88 62.85 25.68 34.52 32.76 
53.12 52.94 62.48 27.26 34.52 33.15 
52.74 53.69 62.48 26.47 33.93 
53.12 53.31 63.22 26.86 33.93 no -> z JJ.J3 
52.36 53.88 61.18 26.47 34.33 32.96 
52.93 52.18 61.74 26.47 "S ^ • JJ.DD 3237 
51.99 52.94 60.06 27.65 33.55 33.94 
52.18 53.50 61.18 27.26 33.35 33.55 
44.25 45.40 52.80 19.55 24.35 23.15 
49.15 52.36 59.32 27.46 32.77 34.91 
45.91 50.47 59.51 27.26 32.77 33.75 
48.38 49.34 41.69 27.65 33.93 34.13 
43.42 47.62 32.37 27.06 31.00 30.22 
42.46 47.05 32.57 27.85 32.57 34.33 
43.23 44.57 34.91 27.65 33.55 33.94 
43.62 43.04 32.57 28.05 35.11 34.13 
44.00 43.42 33.74 28.44 35.50 34.72 
180 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature CC) temperature temperature 
CC) - rc) C C )  CC) rc) 
138 42.84 43.42 35.10 27.26 35.49 36.28 
139 44.38 43.03 33.35 31.98 34.33 36.27 
140 44.19 44.00 33.35 27.65 32.96 36.86 
141 44.00 43.61 33.15 31.00 34.13 36.66 
142 42.27 42.65 32.18 29.43 35.49 36.66 
143 41.49 42.65 32.76 27.06 34.13 34.33 
144 33.80 34.97 26.13 19.75 27.91 27.91 
145 33.80 35.17 25.14 4.88 27.32 27.91 
146 34.20 34.78 25.54 4.88 26.73 29.69 
November 1. 1994 - Run 2 
Sample Exhaust dry Exhaust wet Collection Feed tank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
(»C) CO ec) CQ rc) 
0 75.16 73.89 58.38 14.65 31.59 30.41 
1 74.99 73.34 59.13 14.85 31.59 30.61 
2 74.44 72.98 58.20 15.05 30.22 30.61 
67.90 66.06 51.10 7.15 21.76 20.56 
4 77.88 71.33 60.06 20.08 32.76 33.15 
5 86.88 80.06 57.26 16.67 31.98 30.61 
6 83.84 81.15 58.20 15.05 30.21 31.40 
7 76.50 73.77 53.18 7.97 21.76 20.56 
8 75.95 73.22 52.62 7.77 22.36 19.96 
9 81.69 75.71 54.82 10.99 28.64 28.84 
10 81.87 78.80 60.07 15.05 30.61 31.00 
11 82.40 80.06 60.25 15.26 30.80 30.41 
12 81.86 78.44 59.51 15.26 31.39 30.21 
13 78.98 77.53 57.07 12.41 27.46 24.69 
14 75.59 72.31 52.80 8.59 22.55 20.56 




































Exhaiistdry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
ec) ec) (-C) CO CC) 
75-41 72.85 52.62 8.38 22.55 19.96 
76.50 72.85 52.62 8.59 22.36 19.96 
84.91 80.60 6025 16.47 32.37 31.98 
85.27 80.24 60.44 15.66 31.59 31.00 
85.10 81.86 60.06 16.06 30.41 31.59 
84.38 81.15 61.00 15.87 31.20 29.62 
84.02 82.04 59.51 16.67 31.20 30.21 
84.56 80.96 61.18 16.07 31.00 30.41 
84.74 81.14 60.62 16.27 29.23 27.26 
78.13 74.32 53.75 7.97 22.55 19.96 
85.10 80.24 60.62 16.67 31.39 30.22 
84.74 81.14 60.62 16.27 28.84 26.86 
79.22 74.86 53.75 8.38 22.55 20.56 
79.76 75.41 53.75 9.00 22-36 19.35 
79.40 75.41 53.94 9.20 22.55 20.15 
79.22 75.59 53.94 9.20 21.95 20.15 
86.88 81.69 60.25 17.88 32.96 31.39 
85.27 82.22 61.18 16.07 30.41 26.86 
79.22 75.41 53.37 9.82 23.15 20.75 
78.13 75.59 53.94 9.20 22.55 21.16 
84.56 81.15 59.88 17.27 32.37 32.17 
82.41 78.44 55.58 16.06 31.79 28.25 
87.07 82.23 61.00 16.87 31.40 29.63 
87.78 82.77 60.25 16.27 31.00 31.20 
87.95 82.77 61.92 16.67 31.59 30.61 
86.88 78.62 56.51 18.89 31.59 31.59 
82.77 80.60 62.11 16.07 30.81 29.04 
83.30 79.16 62.12 14.65 31.20 29.23 
80.79 77.89 60.82 11.81 28.65 28.64 
86.17 82.59 61.93 18.88 30.61 31.20 
85.99 82.23 61.00 17.68 30.41 29.82 
84.56 81.68 61.55 17.48 29.43 27.46 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CO CC) ec) (°C) CQ 
85-10 81.86 63.04 17.88 30.80 30.60 
85.81 81.32 62.67 18.48 31.59 30.80 
85.10 80.78 61.74 16.67 29.62 29.62 
85.09 81.68 60.81 19.29 31.39 31.39 
84.74 81.14 62.11 18.28 31.39 30.41 
84.91 81.86 61.36 20.09 30.80 30.80 
85.27 82.22 61.92 19.89 32.17 30.61 
77.77 74.13 55.25 11.25 21.95 20.75 
78.49 74.13 54.69 11.86 21.95 20.15 
77.77 74.68 55.25 11.86 22.55 20.35 
80.66 75.22 54.69 3.21 22.75 20.35 
100.67 80.60 62.11 16.67 27.06 28.05 
90.10 84.56 69.87 17.88 26.47 27.66 
86.35 82.95 70.42 20.29 26.86 27.46 
98.57 88.14 70.23 21.89 31.20 30.80 
93.46 86.52 71.88 22.09 27.65 29.23 
88.85 90.62 65.26 17.68 26.27 28.64 
89.20 84.03 70.60 22.09 31.20 28.64 
93.29 86.17 66.93 19.29 30.41 28.64 
92.40 89.03 71.15 22.29 25.47 27.85 
92.58 89.56 68.40 22.89 31.20 30.80 
90.45 87.95 63.04 24.68 31.59 31.00 
86.35 84.38 58.76 22.09 30.21 30.21 
82.04 81.86 61.18 23.88 31.00 30.21 
75.35 75.17 55.76 18.49 25.48 28.84 
68.03 74.44 52.94 22.69 25.67 24.28 
60.87 60.87 48.44 14.91 20.35 18.55 
56.94 59.19 46.73 14.91 20.95 17.94 
55.07 56.38 45.01 15.93 20.75 17.14 
58.20 56.32 51.43 23.29 26.27 27.85 
58.01 59.87 46.49 22.89 27.85 27.26 
53.13 55.01 45.91 400.09 32.77 31.20 



























Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CC) CC) (°C) CC) 
48.38 57.82 54.81 400.09 30.80 30-61 
55.19 56.88 33.55 236.91 31.98 31.98 
51.04 55.56 42.07 89.56 31.39 28.25 
44.44 46.35 35.36 -105.68 25.34 21.75 
42.71 45.20 37.11 -159.67 25.93 22.15 
49.71 51.04 42.46 -159.67 31.97 29.42 
42.13 42.71 28.70 -159.67 25.14 22.75 
40.98 42.71 32.82 -159.67 25.34 22.15 
39.82 40.98 32.24 -159.67 24.35 22.55 
38.47 40.21 29.10 -159.67 23.95 22.55 
37.89 39.63 71.76 -159.67 25.14 23.15 
43.42 46.67 38.80 -159.67 33.74 34.52 
41.69 44.76 35.89 -159.67 33.55 32.96 
36.86 43.81 35.89 -159.67 32.37 30.41 
37.25 39.57 35.30 -159.67 28.05 26.67 
30.87 32.82 27.91 -159.67 23.15 21.36 
35.69 36.47 33.75 -159.67 35.50 29.43 
36.28 40.53 287.98 52.00 28.45 31.79 
38.60 39.18 21.09 -159.67 32.76 
37.63 39.18 30.80 -159.67 31.59 30.41 
31.06 32.24 25.54 -159.67 24.54 23.75 
37.05 37.83 36.27 -159.67 34.52 34.52 
36.66 37.44 -159.67 -159.67 30.60 31.78 
29.69 29.69 119.34 -159.67 23.75 24.54 
28.50 29.88 21.95 267.69 23.75 23.95 
27.72 29.29 20.15 259.31 27.32 24.94 
November 8. 1994 - Run 1 
184 
Sample Exhaust dry Exhaust wet CoUectioii Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CC) ec) CO CO CO 
0 104.67 99.27 47.24 16.06 31.00 25.67 
1 103.47 100.33 42.46 14.44 30.80 23.69 
2 105.20 96.47 42.08 12.42 28.64 23.69 
J 106.07 102.24 46.67 15.46 31.40 24.88 
4 104.85 103.81 44.95 13.63 29.63 27.07 
5 107.81 98.75 41.50 13.23 29.24 27.46 
6 109.87 99.62 47.25 15.87 31.00 30.42 
7 102.94 104.33 51.62 15.46 30.81 31.00 
8 102.59 104.51 58.20 15.67 30.22 30.22 
9 104.16 98.75 61.93 16.67 30.41 30.61 
10 103.29 99.27 64.89 14.25 32.57 29.63 
11 107.80 104.51 66.93 15.67 31.40 30.61 
12 105.03 104.51 62.49 16.47 30.22 31.01 
13 103.99 105.03 64.34 16.07 30.22 31.00 
14 109.35 99.97 72.43 16.07 31.99 30.81 
15 111.07 99.80 73.53 15.67 30.81 29.43 
16 112.28 103.81 67.67 17.28 31.59 30.81 
17 105.89 105.03 69.13 16.07 31.40 31.40 
18 106.42 103.12 69.87 14.86 29.43 30.22 
19 112.11 98.92 77.53 15.26 30.61 29.43 
20 107.63 103.12 73.16 16.07 30.81 29.43 
21 107.11 98.74 75.89 10.78 26.86 23.69 
22 102.82 92.10 70.84 5.70 21.15 18.55 
23 104.04 92.98 70.84 5.08 21.55 17.94 
24 104.04 91.92 71.94 6.94 20.35 18.55 
25 104.38 92.28 71.39 6.32 20.35 17.74 
26 103.86 91.75 73.04 6.12 20.75 17.14 
27 104.91 91.75 72.31 4.88 20.15 18.35 
28 103.86 90.68 72.31 5.70 20.75 18.95 
29 103.69 91.21 72.85 5.50 20.56 19.55 



































Exhaxistdry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO ec) CO ec) CO 
104.21 91.57 73.40 6.74 20.56 17.14 
104.21 91.21 73.40 5.29 20.15 18.35 
104.38 89.97 75.04 5.50 19.96 17.74 
104.91 91.75 71.76 6.12 19.96 17.74 
103.69 89.97 73.22 7.15 21.36 17.54 
103.69 92.63 73.77 6.53 20.56 17.54 
103.17 92.81 74.86 5.29 19.35 17.54 
104.04 93.34 74.50 6.74 21.16 17.54 
102.30 92.10 75.95 7.15 20.56 18.35 
103.69 92.63 75.95 7.77 19.55 17.74 
104.73 93.87 74.50 5.50 21.36 18.95 
103.17 95.81 75.59 6.53 20.56 18.15 
103.34 96.51 74.32 6.12 21.36 18.75 
103.69 97.57 74.86 6.74 21.36 18.15 
103.69 99.50 75.04 7.15 19.96 17.54 
103.17 100.03 74.32 6.53 21.16 17.54 
102.65 101.07 74.86 7.15 20.56 18.75 
104.73 103.17 68.82 7.15 20.56 18.15 
103.17 102.12 68.27 5.91 19.76 17.54 
102.65 102.30 67.90 7.35 20.75 18.95 
103.69 102.30 68.46 7.35 20.15 18.95 
103.69 103.86 67.90 6.74 20.15 17.54 
103.17 102.30 68.27 6.12 21.36 17.74 
103.17 103.34 67.35 7.97 19.55 18.95 
104.21 103.34 66.80 7.35 21.36 18.35 
103.69 103.34 66.80 7.35 19.96 18.75 
103.69 103.34 67.17 6.12 19.96 17.14 
104.21 102.30 67.17 7.15 20.15 18.15 
103.69 103.34 67.35 6.53 20.15 18.35 
102.65 103.86 66.80 7.97 21.36 18.35 
103.86 103.86 65.69 7.35 20.15 18.35 
103.86 103.86 65.69 6.74 21.36 17.74 


































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
biilb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO ec) (-C) CQ C C )  
103.86 102.30 65.69 7.97 19.55 17.94 
104.21 103.69 65.69 6.74 19.35 17.74 
103.69 103.86 66.24 8.38 19.96 18.15 
102.82 103.34 65.14 8.59 20.75 18.75 
103.69 102.82 65.51 7.15 21.95 18.35 
105.25 103.17 65.14 8.38 19.96 18.15 
103.52 103.86 65.51 7.15 20.75 19.35 
103.17 102.82 65.51 7.15 20.56 19.55 
103.17 103.17 65.69 7.97 20.15 18.35 
103.69 103.34 63.84 8.59 20.75 18.15 
104.21 102.30 65.14 9.20 20.75 17.74 
103.34 103.34 64.58 7.97 21.95 19.55 
103.86 104.38 64.03 7.97 20.75 20.15 
104.38 102.82 63.47 8.18 20.75 18.35 
103.86 103.86 63.47 8.59 21.36 17.14 
104.73 104.38 63.47 8.59 21.16 18.35 
103.17 104.21 64.40 9.82 21.16 18.95 
103.17 104.38 63.29 10.43 19.35 18.15 
103.86 104.38 63.29 9.82 21.16 19.55 
103.69 104.21 62.73 11.46 21.95 18.75 
103.69 103.69 63.47 12.88 21.36 17.54 
106.99 105.43 62.73 12.88 20.15 18.95 
106.82 106.82 62.73 13.29 20.56 19.35 
103.17 105.25 63.29 14.51 19.35 18.15 
103.69 105.78 59.94 14.51 19.96 16.94 
96.87 102.65 58.26 13.90 19.35 18.75 
95.81 97.92 57.13 14.51 19.55 18.95 
98.22 101.72 61.92 25.08 30.02 29.82 
95.58 96.99 64.53 18.89 28.65 28.06 
90.45 99.10 64.71 24.09 30.21 27.07 
87.96 91.16 61.01 22.90 30.61 27.46 
86.89 89.38 59.51 23.49 30.42 27.26 
79.88 87.78 56.14 25.68 28.06 27.66 
187 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature CC) temperature temperature 
CC) ec) CQ CO CO 
97 75.54 80.61 59.70 25.08 30.22 27.06 
98 74.81 81.51 55.95 19.49 29.82 26.47 
99 67.30 72.80 55.76 25.68 29.23 27.85 
November 8. 1994 - Run 2 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature CC) temperature temperature 
CO CO CC) CO CO 
0 98.39 92-76 -159.67 12.41 29.43 22.89 
1 92.10 88.37 -159.67 4.67 21.95 15.12 
2 93.52 89.44 -159.67 4.67 21.76 15.72 
J 96.69 91.39 -159.67 5.09 22.36 14.92 
4 94.58 91.93 -159.67 4.67 22.76 15.12 
5 92.10 93.16 -159.67 5.29 21.76 15.72 
6 91.04 91.57 33.61 5.29 21.76 15.12 
7 91.57 91.21 35.36 5.29 22.95 15.12 
8 95.81 92.28 45.40 5.29 23.15 15.12 
9 97.39 94.22 50.53 4.67 23.55 15.32 
10 97.92 95.81 52.80 4.88 23.75 15.93 
11 100.72 96.34 54.69 4.88 23.15 15.32 
12 100.72 98.27 57.32 5.50 23.75 15.32 
13 101.25 98.10 58.44 4.88 22.55 15.93 
14 102.65 98.10 60.50 4.67 22.95 15.93 
15 103.17 98.97 61.61 5.29 22.95 15.12 
16 102.47 98.27 61.99 5.91 22.36 15.72 
17 103.35 98.27 63.10 5.71 22.76 15.72 
18 104.04 98.63 64.21 5.71 23.35 15.52 
19 104.39 99.33 65.14 5.50 22.76 15.52 
20 104.04 98.80 65.32 5.71 22.76 15.52 




































Exhaiistdry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CC) CC) CO CC) CO 
106.12 98.97 67.17 5.91 23.35 16.13 
105.25 98.97 66.62 5.29 23.55 15.52 
105.78 98.80 67.54 5.09 22.76 15.12 
106.82 98.97 67.72 5.29 22.95 16.33 
106.12 98-45 68.27 6.53 22.36 15.72 
105.25 98.45 68.27 5.29 24.15 15.72 
106.12 98.45 68.82 5.91 23.55 15.72 
107.33 98.45 68.46 6.53 24.15 15.12 
105.60 98.97 68.82 5.29 23.55 15.93 
106.30 98.45 68.82 5.29 23.55 15.72 
106.64 98.45 68.82 5.91 22.76 15.72 
106.30 98.45 69.38 6.12 21.76 14.92 
105.60 97.75 70.48 5.91 22.36 15.12 
106.64 97.22 69.93 6.53 22.36 14.51 
106.82 97.92 70.30 5.91 22.16 15.52 
105.60 97.75 70.48 6.33 22.76 14.92 
105.08 97.22 71.03 6.33 21.56 14.92 
106.64 98.27 72.13 6.33 22.16 15.52 
106.12 98.80 73.04 6.95 22.16 15.52 
106.12 98.97 72.67 6.33 22.16 15.52 
106.64 99.33 73.04 6.95 22.76 14.31 
106.64 98.80 73.04 22.16 15.52 
106.12 98.80 73.04 6.33 23.35 14.92 
106.64 98.63 73.04 6.95 22.16 14.31 
106.99 99.15 73.41 6.74 21.96 14.72 
106.47 98.63 73.95 6.12 21.96 14.72 
106.30 98.98 73.77 6.74 21.96 14.72 
105.78 98.98 74.32 6.54 21.56 15.12 
107.17 98.81 75.96 7.16 21.76 14.31 
105.78 98.45 75.23 7.16 21.76 14.92 
106.13 98.98 74.87 7.16 21.76 14.51 
106.13 98.81 75.41 6.95 22.36 15.12 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CO (°C) ec) ec) 
106.13 98.98 75.78 7.16 22.36 14.92 
106.65 98.28 76.32 6.95 22.16 14.92 
106.65 98.81 75.78 6.95 22.76 14.92 
105.61 98.45 76.32 6.95 22.76 14.31 
106.65 98.28 75.96 7.57 23.36 16.14 
107.17 98.81 76.32 7.57 23.56 14.92 
107.17 98.45 76.32 7.16 24.55 16.34 
107.34 98.98 76.50 7.16 24.15 16.34 
108.38 98.45 77.23 7.77 24.75 16.54 
106.82 98.45 76.50 7.98 24.35 15.93 
106.82 97.93 77.05 7.36 24.15 16.34 
108.38 98.98 77.59 7.98 22.96 15.73 
107.69 99.50 78.14 7.16 23.56 15.93 
106.82 100.03 78.68 7.77 22.96 16.34 
107.69 100.03 78.68 7.77 23.16 14.51 
108.03 101.08 79.76 7.77 22.56 15.53 
106.82 101.25 80.48 7.36 22.36 15.12 
107.34 102.13 80.85 8.39 22.36 14.51 
107.86 103.69 81.93 8.59 23.75 15.12 
106.82 104.39 79.40 7.98 24.15 14.72 
106.82 104.39 79.40 8.39 23.75 15.73 
108.55 104.91 79.94 7.98 24.15 15.93 
107.51 105.60 81.74 8.59 23.95 15.93 
107.16 105.60 81.20 9.41 23.95 16.13 
107.51 106.12 81.20 9.41 23.75 15.32 
107.16 106.64 80.48 10.03 24.35 16.13 
106.12 106.47 80.12 9.41 23.95 16.13 
107.51 105.95 79.94 9.21 23.16 15.93 
108.03 106.47 80.30 9.82 23.16 15.32 
106.99 106.12 82.28 10.03 21.96 15.93 
106.99 106.47 82.64 9.41 23.16 15.32 
107.51 107.51 82.11 9.82 23.35 15.52 
106.47 106.99 82.11 9.82 23.75 15.32 
190 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CC) CC) ec) CC) CC) 
88 107.16 106.47 82.64 9.82 23.16 16.54 
89 107.68 106.47 82.64 10.44 24.55 15.93 
90 106.47 107.16 83.18 11.25 23.16 15.32 
91 106.64 106.64 83.36 11.87 23.35 15.52 
92 107.16 107.16 82.46 12.07 23.95 16.13 
93 107.16 107.68 81.74 13.09 23.55 15.52 
94 106.82 107.33 83.36 13.70 23.95 15.12 
95 113.37 107.16 87.66 14.31 24.15 16.13 
96 111.82 108.72 86.59 14.92 23.35 15.52 
97 105.43 108.89 81.74 15.52 24.55 16.13 
98 105.08 107.33 79.76 14.92 23.35 15.72 
99 113.37 108.72 78.13 16.13 22.16 15.52 
100 107.33 109.75 77.95 15.72 23.95 15.52 
101 97.92 106.30 76.50 16.94 24.15 15.72 
102 95.64 101.07 75.95 17.54 24.75 16.33 
103 91.57 96.87 75.41 16.33 24.15 15.72 
104 96.69 96.87 74.32 17.34 22.76 15.72 
105 92.46 95.28 73.59 17.54 23.55 15.32 
106 86.59 92.63 72.67 16.74 23.55 15.12 
107 80.84 87.30 71.39 18.15 22.95 15.12 
108 75.77 82.82 70.85 17.54 22.95 15.72 
109 70.48 78.13 70.48 17.95 22.95 15.12 
November 15. 1994 - Run 1 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CC) CC) CC) CC) CC) 
0 94.17 68.40 57.45 16.87 32.57 22.29 
1 93.46 68.95 57.63 15.66 29.82 19.49 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
C C )  CQ ec) CC) CO 
89.97 62.17 52-05 9.00 23.55 12.07 
90.33 63.10 53.75 9.00 22.36 12.07 
89.26 61.99 53.75 9.62 22.95 12.07 
91.04 61.99 54.88 8.80 22.76 12.48 
91.93 63.10 56.38 8.80 22.76 13.29 
92.46 63.10 58.63 9.41 23.35 12.68 
94.05 63.10 60.31 8.80 23.35 11.87 
92.99 62.54 61.43 8.80 23.35 11.87 
93.52 62.73 63.29 8.38 24.15 13.29 
94.05 62.73 63.84 9.62 24.15 12.68 
94.75 63.29 64.58 9.62 24.15 13.29 
94.22 62.73 65.51 8.38 23.55 12.07 
94.75 63.29 65.51 9.00 23.55 11.87 
94.58 62.54 65.88 8.80 22.95 12.48 
95.64 63.10 66.43 8.18 22.76 12.48 
95.11 63.10 66.43 9.41 22.76 11.87 
95.11 62.54 67.17 8.80 22.76 12.68 
94.93 61.99 66.99 9.41 23.35 12.48 
96.17 62.36 66.99 9.41 22.76 11.66 
94.40 62.36 66.80 8.59 23.16 11.66 
94.93 62.36 67.36 9.82 23.75 11.05 
95.64 62.54 69.19 9.41 24.55 12.48 
95.64 61.99 73.04 9.41 23.35 12.48 
95.28 62.54 72.49 9.00 23.35 12.07 
95.64 62.54 71.94 9.41 24.15 12.07 
96.87 62.54 71.94 8.80 23.35 12.68 
100.90 62.54 74.32 9.62 23.55 11.25 
127.78 64.77 75.41 9.62 23.55 12.07 
103.00 65.88 79.04 9.41 23.35 12.48 
104.56 65.88 80.12 10.03 22.76 13.09 
100.90 65.14 79.58 9.41 23.35 11.87 
100.20 64.59 78.31 9.82 23.16 11.66 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wetbtilb 
temperature temperature temperature (°C) temperature temperature 
(°C) ec) CO CC) CC) 
98.63 64.59 77.77 9.82 23.75 13.09 
99.15 65.32 77.23 9.82 23.75 12.48 
99.85 65.88 77.41 10.03 23.95 12.48 
98.80 68.64 76.86 10.03 23.35 12.48 
98.80 79.58 77 Al  10.64 24.15 12.07 
98.80 90.33 79.04 9.62 23.95 12.68 
99.85 95.11 78.67 9.41 23.95 12.07 
98.97 204.25 77.77 9.62 24.55 13.29 
97.75 94.58 77.95 10.03 22.76 11.87 
98.80 95.11 77.95 10.03 22.76 11.87 
100.55 336.22 77.23 10.64 25.74 12.89 
99.15 -159.67 77.23 12.27 20.36 14.51 
98.10 -57.74 77.77 9.82 23.16 12.28 
99.68 -9.00 77.59 9.21 24.35 14.11 
97.92 -159.67 77.59 9.83 22.76 12.69 
97.93 -159.67 77.77 9.82 24.35 12.28 
98.98 -159.67 77.77 9.22 23.95 13.09 
97.93 289.16 77.77 10.64 22.16 12.68 
97.57 -159.67 74.32 10.64 24.35 11.87 
101.43 333.49 79.58 11.25 23.95 9.62 
100.03 131.63 81.38 10.64 23.16 11.87 
97.75 178.09 78.67 12.27 24.15 12.07 
99.15 196.18 80.49 10.03 20.96 12.28 
99.15 -159.67 79.94 9.62 23.35 10.23 
98.80 24.55 79.40 11.05 24.55 12.88 
97.75 143.37 80.66 10.44 22.56 9.42 
98.10 225.56 78.49 10.64 22.16 13.30 
100.03 121.54 80.84 10.43 21.16 11.66 
97.22 -159.67 82.10 9.62 24.35 10.85 
98.80 339.62 78.86 9.82 25.74 11.46 
98.62 72.49 76.32 9.20 24.35 13.29 
100.03 -159.67 77.04 12.68 24.75 12.07 
98.45 162.93 76.86 12.89 20.95 12.07 
193 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CC) CQ eo (°C) 
69 97.92 172.28 77.04 11.25 23.35 12.07 
70 98.80 -159.67 75.77 12.07 23.95 14.72 
71 98.80 -159.67 77.04 11.25 24.75 12.48 
72 96.69 323.61 77.04 11.05 24.15 11.05 
73 99.85 333.63 77.04 10.23 24.55 12.88 
74 99.50 96.87 76.86 13.29 23.35 12.68 
75 96.87 -159.67 76.86 15.32 23.35 13.90 
76 97.75 319.89 75.77 13.29 22.36 11.25 
77 99.50 296.38 75.41 12.89 24.54 12.88 
78 98.80 211.35 76.32 11.66 23.75 11.26 
79 96.69 -159.67 75.41 13.30 24.15 12.48 
80 97.57 96.87 75.77 14.31 24.35 12.48 
81 100.20 82.47 75.95 14.72 21.56 13.29 
82 102.13 -159.67 75.23 -93.26 21.96 12.48 
83 103.00 101.43 75.77 16.13 23.35 12.07 
84 103.52 100.90 75.77 15.52 23.95 11.87 
85 101.43 100.55 75.23 16.13 24.15 11.87 
86 93.52 -87.97 73.59 14.31 23.75 13.09 
87 91.93 -159.67 71.94 16.33 23.95 13.29 
88 90.51 -151.76 71.21 17.34 23.16 11.87 
89 91.39 -66.53 70.48 16.74 23.55 12.27 
90 91.22 -67.29 68.46 23.55 22.16 14.10 
November 15. 1994 - Run 2 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
ec) rc) CO (°C) CO 
0 99.44 62.66 61.36 15.85 31.78 22.89 
1 98.57 62.48 61.55 15.45 31.39 23.09 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CC) CC) CO CQ 
101.72 63.59 62.30 15.45 31.79 23.29 
100.32 63.41 63.78 7.70 30.80 24.08 
101.02 64.52 63.97 -9.30 32.17 24.48 
101.89 63.23 65.08 10.16 31.79 23.29 
101.37 64.52 64.71 16.87 32.76 23.09 
101.54 65.08 64.89 17.07 31.59 23.89 
102.24 64.34 66.37 15.66 31.59 23.88 
101.19 64.15 66.37 15.25 29.43 19.29 
94.93 57.32 59.75 7.56 22.75 12.47 
95.28 59.00 59.94 7.97 22.55 12.27 
96.34 57.13 60.50 7.56 22.55 12.27 
95.28 57.13 60.50 7.77 22.95 12.07 
95.81 58.26 59.94 7.77 22.16 12.07 
96.87 58.26 60.50 7.15 22.36 12.68 
95.81 57.13 60.50 6.95 22.36 12.07 
95.81 58.82 61.06 7.77 22.76 12.68 
97.22 58.26 61.06 8.38 22.16 12.48 
102.59 63.23 68.40 16.27 32.57 23.69 
95.99 58.63 60.87 7.56 22.56 11.87 
97.05 58.07 61.24 7.56 23.35 12.48 
95.46 57.32 61.24 6.95 22.56 12.28 
95.99 57.32 61.43 8.18 22.56 12.48 
97.75 58.07 61.99 6.95 22.16 11.66 
95.99 58.63 61.99 0.72 22.76 11.87 
96.52 59.19 61.99 7.56 23.35 11.66 
97.75 58.63 62.54 7.56 23.35 13.09 
96.52 58.07 62.54 7.56 23.35 12.89 
97.22 58.63 62.36 7.36 23.16 12.48 
104.68 65.45 68.95 16.07 31.40 22.69 
103.98 66.01 68.58 15.46 32.77 22.90 
103.63 67.29 69.87 16.47 31.99 22.89 
105.38 67.11 69.32 16.07 31.40 24.48 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
C C )  C C )  ec) (°C) CO 
97.75 60.50 63.84 -63.24 23.55 12.68 
98.97 59.19 63.29 -0-96 23.55 13.09 
97.39 59.38 64.21 2.18 23.35 11.87 
97.39 60.31 63.84 7.77 22.76 12.68 
98.80 60.31 64.21 8.38 22.76 12.07 
97.22 60.31 63.84 6.53 22.76 11.87 
104.33 69.13 70.05 -12.09 31.40 22.49 
104.68 69.50 70.05 10.16 31.00 22.49 
103.29 71.34 71.34 -85.32 32.18 22.30 
103.12 74.80 70.24 -72.27 29.04 19.29 
98.80 76.50 64.21 0.72 23.35 12.68 
97.22 82.28 64.21 -65.76 22.16 12.68 
97.22 90.33 64.21 -104.79 23.95 12.48 
9S.n 94.75 64.95 -49.23 23.55 12.68 
91.22 96.34 64.77 -82.79 22.76 11.25 
97.22 96.17 64.40 -90.47 22.36 12.68 
98.80 96.69 64.95 -132.19 22.95 11.87 
97.39 97.39 64.77 6.53 23.35 11.87 
97.75 96.87 64.77 8.18 23.35 13.09 
98.27 97.22 64.77 -128.92 23.35 12.48 
97.39 96.87 64.95 -100.41 23.55 12.68 
96.69 95J28 63.84 -116.86 21.76 10.64 
96.69 96.17 63.84 -139.22 21.76 10.84 
95.64 95.28 63.84 -105.08 21.76 9.41 
96.87 95.28 63.66 -100.99 21.76 11.05 
97.75 96.87 62.73 -133.85 21.16 11.46 
96.69 96.87 63.84 -83.87 21.76 11.46 
96.17 95.81 63.84 -104.20 20.96 10.03 
97.22 95.81 63.29 -60.98 21.76 9.00 
97.39 95.81 63.84 -22.73 20.56 9.62 
102.59 103.29 72.07 -93.64 30.22 20.90 
97.92 96.87 64.95 -80.91 22.36 12.68 




























Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ ec) CC) CO CO 
96.87 96.34 65.14 -111.05 22.36 12.68 
97.92 97.04 64.95 -98.67 22.95 12.07 
97.57 96.87 64.95 -76.38 21.56 12.07 
97.39 96.17 64.40 -121.24 22.36 12.07 
98.45 96.34 64.40 -110.15 22.95 12.68 
97.92 96.34 64.40 -115.63 22.36 12.68 
96.87 96.34 64.40 -86.05 22.95 12.68 
98.62 97.04 64.40 -98.67 22.36 12.88 
98.62 97.39 61.24 -87.15 22.95 12.88 
98.10 97.04 60.12 1.13 23.15 12.88 
98.62 97.04 59.56 -113.49 23.15 12.88 
101.77 99.67 59.00 12.27 22.55 12.27 
104.91 105.95 58.44 13.49 22.55 12.88 
107.51 88.01 57.88 14.10 23.15 12.88 
102.30 84.79 57.32 14.10 22.55 12.88 
94.75 89.61 56.76 14.71 22.55 13.49 
85.33 86.41 56.76 15.32 22.55 11.66 
88.01 87.65 55.63 15.32 22.55 11.46 
91.21 88.55 55.63 15.72 23.55 12.27 
93.34 91.21 54.50 15.93 23.75 12.88 
89.61 90.32 53.94 16.53 23.75 11.86 
84.26 85.33 53.94 15.93 23.75 13.08 
77.77 79.94 52.80 16.53 23.35 12.27 
72.31 74.13 51.86 16.73 22.75 12.47 
67.90 69.74 51.67 17.34 23.15 12.27 
68.82 68.46 51.10 16.53 24.35 13.08 
197 
November 22, 1994 - Rim 1 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
rc) (»C) CQ CC) CQ 
0 96.46 65.45 64.71 13.63 29.82 24.09 
1 96.99 65.08 63.97 14.04 31.20 24.09 
2 96.81 64.34 63.78 14.44 30.41 24.28 
J 98.39 64.71 64.34 13.84 31.20 23.49 
4 96.99 65.26 64.71 13.84 31.79 23.89 
5 98.21 65.07 65.44 13.63 29.23 19.89 
6 94.04 58.81 59.75 6.32 22.15 13.69 
7 99.79 64.70 68.21 13.02 31.59 23.48 
8 99.80 65.26 69.87 13.43 31.19 23.09 
9 92.45 56.38 63.47 5.08 20.15 10.64 
10 94.04 54.50 64.21 4.88 21.55 9.82 
11 92.81 53.94 64.76 4.25 19.55 10.64 
12 93.51 54.69 65.14 4.25 19.75 10.64 
13 94.57 54.12 65.14 3.63 20.35 10.43 
14 99.62 58.95 73.17 7.91 29.24 20.09 
15 101.54 63.04 74.80 13.23 30.80 23.09 
16 100.32 58.39 69.69 12.01 28.25 20.09 
17 96.16 55.63 67.35 6.74 22.15 13.08 
18 95.10 55.25 67.90 6.12 21.95 12.88 
19 94.40 54.50 65.69 5.08 20.75 11.05 
20 103.28 62.48 75.17 14.65 30.80 21.30 
21 101.72 63.23 75.89 15.05 31.79 23.89 
22 102.76 63.04 75.35 15.25 31.39 23.88 
23 103.63 61.93 76.07 14.65 31.00 23.89 
24 102.77 63.78 77.16 14.85 29.82 22.69 
25 103.46 62.11 77.53 15.05 31.98 22.49 
26 103.46 58.39 72.99 12.21 28.06 19.49 
27 102.24 58.20 73.16 11.81 28.84 18.69 
28 96.99 62.12 72.62 12.21 28.45 18.90 
29 98.58 61.18 74.44 12.63 28.06 19.29 
30 104.33 63.97 79.70 14.04 31.79 22.90 


































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CO CC) C°C) CC) 
102.59 63.04 79.88 14.65 32.57 23.29 
103.98 64.15 80.24 14.85 32.37 23.09 
102.94 64.70 80.60 14.24 30.80 23.88 
103.28 63.60 80.78 12.82 31.00 22.89 
102.24 64.52 8222 15.65 31.19 23.09 
102.77 64.53 82.58 14.85 31.20 23.88 
102.76 64.89 80.78 13.43 31.98 22.69 
102.59 64.34 79.52 15.46 31.98 22.69 
103.11 65.44 79.88 15.05 31.98 22.49 
102.42 63.97 80.43 14.85 31.00 22.09 
103.63 65.26 80.78 16.06 31.20 23.49 
104.15 65.26 82.40 15.25 31.39 22.89 
100.85 64.71 7S25 12.82 31.79 20.69 
103.29 58.57 82.94 13.43 27.85 19.29 
104.67 65.08 83.12 15.45 31.39 23.09 
103.98 64.15 82.76 15.45 31.39 22.89 
99.97 61.18 79.88 11.39 25.68 16.47 
106.06 64.15 82.40 15.25 31.59 22.69 
106.06 65.26 81.50 16.47 31.39 23.69 
103.28 65.26 81.32 16.87 31.20 22.89 
102.08 57.64 74.99 16.07 29.83 22.30 
98.22 65.64 75.35 16.47 29.23 22.29 
103.63 64.89 81.86 14.85 30.42 22.69 
102.42 65.81 82.94 15.46 30.80 22.29 
104.33 64.89 83.48 16.26 31.39 23.48 
104.50 65.63 83.48 17.27 31.59 22.29 
99.45 64.71 79.88 15.05 28.84 18.69 
102.94 65.81 83.30 15.46 30.41 23.69 
103.11 66.00 83.48 16.06 30.80 23.29 
101.20 64.34 84.56 14.04 29.63 19.90 
99.27 62.48 82.95 14.86 28.45 19.09 
104.33 66.18 83.66 16.47 32.76 24.28 


































Exhaijstdry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CC) CC) ec) (»C) (°C) 
96.69 59.19 78.49 9.00 24.14 12.47 
97.74 59.19 79.03 8.79 22.75 13.29 
97.22 58.63 78.49 8.79 23.35 13.08 
103.97 66.36 84.91 18.48 31.39 24.08 
104.32 66.73 87.77 17.27 32.57 23.48 
104.85 66.55 86.34 16.47 32.17 22.29 
103.28 68.03 85.63 17.07 31.39 22.09 
102.76 68.21 83.48 17.07 30.02 19.09 
104.50 69.68 82.76 19.28 31.97 22.69 
103.28 70.05 83.84 18.48 32.37 22.69 
103.80 78.07 84.38 18.88 31.39 23.88 
104.33 88.13 83.48 20.89 31.79 23.09 
103.63 98.92 85.81 20.49 32.76 22.49 
105.71 104.50 86.70 22.89 30.80 23.48 
105.54 106.93 86.70 21.49 30.41 20.09 
103.81 104.85 84.02 23.29 32.17 23.88 
94.04 95.81 76.31 15.52 23.35 13.29 
89.26 90-50 76.31 16.13 22.75 12.68 
100.32 102.06 78.07 24.09 32.17 23.49 
97.16 99.44 78.62 24.28 32.57 22.89 
96.81 96.63 76.98 24.08 32.57 23.29 
90.10 95.58 73.71 23.69 27.46 18.69 
94.52 89.02 76.98 25.47 32.17 21.89 
82.59 91.51 74.44 24.09 30.41 23.09 
83.30 79.34 74.08 25.08 31.20 22.49 
78.79 80.96 71.33 25.67 31.39 22.89 
71.88 70.24 67.47 23.30 28.45 17.69 
70.42 71.33 62.67 28.25 29.23 18.89 
61.74 65.64 60.07 30.61 28.45 18.69 
58.20 60.63 62.12 29.82 31.20 22.49 
63.23 63.23 61.18 30.80 32.57 23.09 
53.74 55.44 53.56 22.95 24.14 14.71 
49.77 52.05 52.61 22.95 24.74 14.50 
200 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CC) CQ (-C) CC) 
98 47.49 50.34 51.48 22.95 24.74 15.11 
99 45.20 48.06 34.19 23.55 25.53 14.50 
100 51.60 52.93 31.59 30.41 34.91 26.06 
101 48.19 50.85 30.80 30.80 34.13 26.06 
102 48.57 49.34 29.62 30.80 34.13 25.67 
103 40.01 41.17 21.15 21.15 24.34 13.29 
104 38.46 39.43 21.75 21.15 23.74 12.88 
105 45.33 47.05 31.19 30.80 33.93 25.08 
106 42.84 44.76 29.82 31.19 35.30 26.27 
107 41.88 43.41 29.82 31.00 33.55 26.07 
108 35.75 36.33 22.75 23.35 30.47 17.94 
109 34.00 35.75 23.35 22.75 35.17 20.95 
November 2. 1994 - Run 2 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO (»C) ec) ec) CC) 
0 89.74 63.97 -50.04 8.12 30.80 18.69 
1 91.33 67.48 -159.67 9.35 25.48 18.09 
2 84.03 64.53 51.99 12.00 28.25 20.29 
J 81.87 63.23 400.09 10.99 27.85 18.69 
4 88.14 66.19 35.50 11.19 27.84 18.88 
5 86.35 66.74 47.82 10.99 27.26 18.09 
6 92.76 67.11 49.34 10.78 27.27 18.89 
7 89.92 67.84 52.56 8.11 26.67 15.26 
8 85.15 64.02 47.49 2.80 22.95 11.45 
9 86.05 64.39 48.63 1.55 21.15 10.84 
10 90.14 66.06 49.77 0.50 21.95 10.84 
11 89.97 66.79 50.34 -0.76 19.95 9.61 
12 90.50 66.79 51.48 -2.02 20.55 10.23 


































Exhaust dry Exhaust wet CoUectioQ Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
C C )  ec) CC) ec) CO 
88.90 65.69 53.37 -0.96 19.55 9.20 
89.97 66.06 52.80 -3.91 19.96 9.82 
90.51 66.80 53.75 0.93 18.95 10.23 
90.51 66.24 55.44 0.51 20.56 9.62 
90.15 66.24 53.94 1.13 21.36 9.82 
92.45 66.43 54.69 -0.75 22.75 10.64 
91.39 67.53 57.13 0.71 21.55 11.45 
91.39 67.16 57.13 3.42 22.75 10.84 
91.92 67.72 57.69 1.55 21.75 11.25 
91.57 68.27 57.13 2.17 19.35 9.61 
89.97 67.35 58.25 0.29 19.35 10.23 
90.32 66.43 58.07 -0.54 19.75 10.02 
90.68 66.98 59.19 0.08 19.55 10.02 
90.68 66.98 59.00 -0.12 21.55 11.05 
90.86 66.98 58.63 0.71 21.55 10.02 
91.92 67.53 57.88 0.08 21.55 10.64 
91.39 68.09 58.63 -0.34 21.55 11.25 
90.86 67.53 59.19 1.96 21.75 10.02 
91.03 67.72 58.63 1.34 21.55 10.02 
90.86 67.53 59.19 1.34 19.75 9.41 
90.68 68.46 60.12 2.38 19.55 10.43 
90.15 66.80 57.32 3.01 19.55 10.43 
91.75 68.64 59.56 1.76 20.75 10.64 
92.45 69.01 60.12 2.59 22.15 10.64 
90.86 66.98 59.75 2.59 22.15 10.64 
91.21 66.98 59.75 1.34 22.15 10.64 
90.86 67.53 59.19 0.29 20.95 10.64 
90.50 68.64 59.75 -0.54 18.55 11.25 
90.86 66.98 59.75 1.96 19.75 10.64 
91.21 67.35 60.68 1.76 19.55 10.43 
91.75 69.01 61.24 1.34 20.75 7.97 
99.27 77.16 69.87 12.61 31.59 23.29 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
rc) CC) (»C) CO (°C) 
98.92 76.26 69.50 -3.98 31.59 23.29 
98.57 76.44 69.68 10.57 32.57 25.08 
97.16 75.71 69.32 -0.19 32.17 22.49 
99.10 72.43 65.45 9.15 28.64 19.90 
99.62 77.16 68.21 11.18 31.59 23.09 
98.39 76.07 67.11 5.44 29.63 23.09 
96.47 72.62 67.12 7.91 28.06 19.29 
97.34 74.62 68.95 10.38 29.82 18.49 
95.23 72.98 68.03 -20.81 28.65 18.89 
98.22 75.17 68.95 0.02 32.18 22.29 
98.22 75.71 69.13 0.23 30.81 23.29 
98.39 76.25 70.23 6.25 32.17 22.29 
98.74 76.44 70.05 5.02 31.79 23.49 
98.57 76.26 68.95 13.84 30.21 22.29 
100.15 76.80 68.95 -4.61 31.59 23.69 
98.39 76.62 70.05 13.63 31.20 22.69 
98.04 76.25 70.42 13.84 32.18 22.69 
98.21 76.80 70.60 5.43 31.79 24.28 
99.27 76.80 70.60 9.55 29.23 19.09 
91.75 70.11 63.65 -9.66 23.35 12.88 
91.75 70.29 64.21 -20.74 23.75 12.27 
92.81 70.84 64.76 -10.73 23.95 13.08 
92.81 70.11 68.46 -12.67 23.15 12.88 
91.75 70.11 71.76 -10.30 23.15 12.47 
92.28 69.74 71.21 -8.37 22.55 12.88 
92.63 70.66 71.58 -3.91 22.95 12.27 
91.04 69.38 70.48 -7.30 22.36 12.07 
91.39 69.38 70.48 -65.51 22.95 11.87 
92.63 70.48 71.03 -10.51 23.55 12.07 
91.57 69.93 71.03 -56.52 22.95 13.29 
91.75 70.11 71.21 -37.68 23.75 12.68 
92.10 70.11 71.21 -73.75 22.95 12.88 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CC) CO CC) («C) 
97.51 76.98 77.71 18.49 31.39 23.29 
98.39 76.98 77.89 18.69 30.22 21.90 
99.27 76.08 78.62 19.49 30.81 22.09 
98.74 76.44 78.62 19.29 29.23 22.29 
97.69 75.53 78.25 18.08 30.22 21.30 
98.40 75.72 77.35 19.49 30.02 22.69 
99.27 76.44 77.71 20.09 32.37 23.09 
97.87 76.62 78.79 18.89 31.59 22.89 
98.22 75.89 79.34 21.29 32.96 23.29 
98.22 76.98 78.25 19.29 30.61 19.69 
98.57 76.07 79.70 20.29 32.37 24.08 
97.52 73.17 77.72 18.89 30.41 18.89 
96.99 70.79 74.44 17.89 29.24 20.09 
101.37 74.44 75.17 19.90 27.27 19.49 
100.68 61.56 73.90 24.69 29.23 18.90 
96.29 63.05 79.53 30.61 28.05 19.29 
92.23 65.08 69.33 27.66 28.26 17.28 
92.59 64.71 70.05 24.69 26.28 14.25 
86.41 56.76 64.03 21.36 20.15 9.82 
84.26 55.63 62.91 20.35 22.55 10.43 
87.48 55.82 61.42 20.95 21.36 9.41 
86.41 54.69 61.98 21.55 20.95 10.64 
82.28 54.12 61.42 20.35 22.15 11.25 
77.22 54.50 61.24 21.36 21.36 10.02 
72.31 53.94 59.75 20.15 20.75 10.43 
66.62 57.32 57.32 21.36 21.36 9.82 
62.17 61.24 55.44 21.36 19.96 9.82 
58.26 58.82 53.18 19.96 19.96 9.62 
55.44 56.76 50.92 19.55 20.56 8.38 
51.48 53.18 50.53 20.15 19.35 9.00 
49.40 51.10 48.26 19.75 20.75 9.82 
48.26 48.83 45.97 20.75 21.16 10.43 
46.54 45.97 44.82 20.75 21.36 11.05 
204 
December 6. 1994 - Run 1 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ CQ CO CC) CO 
0 91.75 60.68 55.63 6.74 22.55 12.27 
1 90.51 61.80 55.07 6.53 22.55 11.46 
2 91.21 62.36 55.63 7.15 22.55 12.27 
3 91.75 62.91 55.63 6.74 23.15 12.27 
4 93.34 63.47 56.94 6.74 21.95 12.27 
5 96.34 63.29 56.76 7.35 22.36 11.66 
6 95.46 62.91 58.44 6.12 22.55 11.05 
7 102.76 69.86 67.11 15.05 31.20 22.29 
8 103.46 69.86 68.95 14.04 29.43 18.49 
9 97.57 64.03 64.03 6.12 21.76 12.27 
10 97.39 65.14 65.14 7.15 22.55 11.66 
11 98.10 66.24 66.06 7.35 22.36 11.46 
12 98.97 73.22 67.35 6.74 23.15 11.46 
13 99.67 86-76 68.27 7.77 21.95 12.07 
14 99.15 97.04 68.82 7.15 22.55 11.46 
15 99.67 97.92 69.93 7.56 22.55 11.66 
16 100.03 99.15 70.48 6.53 22.55 11.46 
17 100.72 100.20 71.21 7.97 22.95 12.07 
18 100.20 99.15 71.03 7.35 23.75 12.07 
19 100.03 99.50 71.03 7.15 23.55 12.07 
20 101.07 100.03 71.58 6.53 22.95 12.07 
21 101.07 100.20 71.58 7.15 23.55 12.27 
22 100.03 99.50 71.58 7.15 22.95 12.07 
23 100.72 99.50 72.13 7.97 22.95 12.07 
24 101.60 100.38 72.13 7.15 23.15 12.07 
25 101.60 100.55 72.49 7.77 22.36 12.07 
26 100.55 99.85 73.22 7.77 22.95 12.68 
27 101.07 100.55 72.67 7.77 22.36 12.07 
28 101.95 100.55 72.67 7.77 22.16 12.68 




































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
rc) (»C) rc) CQ rc) 
101.07 101.07 73.22 7.15 22.95 12-07 
102.12 101.07 73.22 6.53 22.95 12.07 
102.65 101.60 73.77 7.77 22.36 12-07 
101.60 101.07 73.77 8.38 22.36 12-07 
101.60 101.07 73.77 7.77 22.95 12.07 
102.12 101.60 73.22 7.77 22.76 12.68 
102.65 101-60 74.32 7.77 22.95 12.07 
101.60 100.90 74.86 7.77 22.95 12.68 
102.47 101.07 74.32 7.77 22.36 11.87 
103.00 101.60 75.95 7.77 22.95 12.07 
103.17 102.12 76.50 8.38 22.95 12.68 
102.65 101.60 77.59 8.38 22.36 11.46 
102.65 102.30 79.22 8.38 22.36 11.46 
103.69 102.82 79.94 9.20 22.55 12.07 
104.51 110.22 86.71 16.88 31.40 22.49 
107.81 103.64 82.59 11.60 28.45 18.88 
107.27 105.55 82.95 11.81 28.06 18.49 
111.94 108.49 80.97 12.21 27.46 17.88 
109.53 108.83 84.92 15.05 28.84 18.69 
105.55 104.34 81.33 13.23 28.45 19.70 
109.18 108.49 83.85 13.84 28.64 18.29 
107.28 107.28 84.02 13.02 26.67 15.06 
101.94 101.42 80.66 8.18 20.95 8.18 
102.99 102.12 80.12 8.79 20.95 10.64 
102.47 101.94 81.20 7.56 20.35 8.79 
103.51 101.94 80.66 7.56 21.55 9.41 
102.99 100.90 80.12 8.79 20.35 10.02 
102.30 102.12 80.66 7.56 20.15 9.20 
102.30 102.47 79.94 7.97 22.15 8.79 
102.99 102.47 79.57 7.56 22.75 10.64 
101.25 101.94 80.66 9.82 23.35 9.41 
103.51 101.25 80.48 9.41 21.95 9.41 
103.34 102.99 81.02 8.59 20.75 9.82 
206 
Sample Exhaxistdry Exhaxistwet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CO CQ CO CO CO 
63 102.82 101.77 80.48 9.62 21.95 10.43 
64 102.30 102.30 80.48 9.20 22.36 10.43 
65 110.04 109.18 88.31 19.89 32.76 23.29 
66 110.22 109.35 89.73 20.49 32.96 23.29 
67 103.34 103.17 82-10 10.43 23.15 12.27 
68 102.82 102.65 82.46 9.82 23.15 12.88 
69 104.21 103.69 81.92 9.82 22.55 12.88 
70 103.69 102.82 81.92 10.43 22.95 12.68 
71 111.25 107.46 90.80 22.09 29.04 25.48 
72 106.94 109.36 83.67 13.63 33.35 20.09 
73 109.19 109.01 84.38 15.46 28.06 18.49 
74 104.68 107.28 88.49 14.46 29.83 19.49 
75 108.67 104.33 84.02 16.47 28.64 17.68 
76 107.46 107.81 80.07 17.08 30.21 18.09 
77 103.82 104.85 82.95 17.08 30.80 18.69 
78 106.25 103.29 81.87 18.49 30.41 19.49 
79 110.39 104.51 81.69 18.90 28.64 18.29 
80 115.88 109.36 86.71 20.29 29.43 16.88 
81 111.59 114.51 93.11 20.50 29.03 18.29 
82 106.76 108.84 92.40 20.90 28.25 19.49 
December 6. 1994 - Run 2 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature (°C) temperature temperature 
CO CO CO CO CO 
0 94.22 63.84 50.35 5.91 21.76 12.07 
1 93.69 63.84 50.92 6-53 22.95 12.27 
2 93.69 63.29 50.92 6.53 22.36 11.87 
J 94.05 63.84 50.73 6.53 22.36 12.07 
4 95.28 63.84 51.30 5.91 23.35 12.07 
207 
Sample Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
(min) bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CC) CC) CO ec) rc) 
5 96.17 64.40 51.30 5.91 22.76 12.07 
6 96.17 58.07 52.43 6.33 22.16 11.87 
7 9722 58.07 53.56 6.33 22.76 12.48 
8 98.97 57.51 53.56 5.71 22.16 11.87 
9 104.33 66.19 57.45 10.37 27.26 19.09 
10 99.98 66.19 58.39 11.19 26.47 18.70 
11 102.94 68.59 62.49 9.36 27.66 17.29 
12 104.86 70.06 64.34 14.45 30.62 21.30 
13 106.07 68.95 64.71 14.65 31.00 22.69 
14 105.72 65.82 65.64 16.07 31.20 21.69 
15 105.90 67.11 66.37 14.24 28.45 18.69 
16 101.07 63.84 59.75 7.15 22.36 11.66 
17 101.60 63.29 60.50 7.15 23.55 12.07 
18 99.85 62.54 60.50 6.53 23.55 12.07 
19 100.38 65.32 60.31 6.95 22.76 12.89 
20 106.94 70.24 63.05 9.56 26.47 19.09 
21 106.25 72.99 67.30 10.99 29.44 17.89 
22 103.29 68.04 63.60 11.60 28.65 18.49 
23 106.07 72.81 64.71 11.80 28.06 19.09 
24 105.72 71.15 66.01 9.35 25.68 14.05 
25 99.33 66.06 61.06 5.29 19.96 10.23 
26 100.55 66.06 61.06 5.91 19.76 9.62 
27 100.90 66.99 61.06 5.91 21.16 10.23 
28 100.90 67.72 61.06 5.50 20.75 9.00 
29 100.03 68.27 61.06 5.09 20.56 10.23 
30 107.11 89.56 67.30 8.74 31.20 18.69 
31 104.33 102.42 65.82 10.79 29.83 18.09 
32 104.69 105.55 64.16 10.78 27.27 18.09 
33 102.25 101.55 66.57 9.56 28.26 17.48 
34 107.29 102.77 64.71 10.38 28.85 17.49 
35 105.03 106.24 66.19 11.40 27.85 18.70 
36 104.68 104.51 64.90 11.60 27.07 17.89 


































Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
CQ ec) CC) (°C) CQ 
108.67 108.32 68.40 15.67 31.60 22.69 
107.63 107.11 69.69 14.85 30.81 21.90 
107.80 107.11 69.87 15.05 29.82 21.69 
109.01 108.32 69.50 15.66 31.00 21.90 
107.97 107.97 69.32 14.44 31.00 21.49 
107.80 107.11 69.87 15.05 30.02 21.49 
108.66 108.15 71.52 15.86 31.00 21.90 
109.35 109.01 71.34 15.86 31.20 21.70 
108.32 107.97 70.42 15.86 31.40 21.69 
107.46 107.28 69.50 14.65 30.02 21.30 
104.16 104.33 66.37 13.64 26:87 19.09 
107.28 108.49 69.87 11.40 26.48 18.09 
107.46 102.25 67.29 10.38 27.87 17.48 
102.94 105.21 65.82 12.41 29.24 18.49 
105.20 103.12 65.45 10.99 28.45 19.29 
105.20 104.85 66.93 10.99 26.47 14.25 
100.03 100.55 61.61 4.67 21.16 9.20 
101.25 101.25 62.91 5.50 21.95 9.62 
107.63 108.15 70.60 15.66 30.81 23.09 
107.97 107.97 70.42 15.66 31.59 22.49 
108.66 107.63 70.24 16.47 31.59 23.09 
108.49 108.49 70.60 16.47 31.79 23.29 
107.46 107.45 70.24 16.27 31.40 22.29 
107.80 107.45 70.24 16.67 31.98 22.29 
108.66 107.97 70.42 16.87 32.57 23.49 
107.46 107.45 70.60 15.66 29.23 18.29 
101.07 100.55 63.84 8.38 22.36 12.07 
101.60 101.60 64.40 8.38 22.95 12.68 
107.97 108.49 70.60 15.66 30.41 22.09 
106.94 107.46 70.05 17.48 30.22 22.29 
107.80 107.45 69.87 16.07 29.04 18.89 
102.12 101.60 63.84 9.00 22.95 12.68 























Exhaust dry Exhaust wet Collection Feedtank Room air Room air 
bulb bulb bucket temperature dry bulb wet bulb 
temperature temperature temperature ("C) temperature temperature 
cc) CC) CC) CO (°C) 
102.65 101.60 67.17 9.62 22.36 12.07 
103.17 102.12 67.54 9.62 21.76 11.25 
102.12 101.07 68.27 9.62 22.16 12.07 
100.38 100.55 68.09 9.62 22.36 11.46 
110.90 109.87 72.06 19.08 31.59 23.09 
107.97 107.28 69.87 16.88 28.45 17.49 
107.80 109.35 68.59 15.25 26.88 18.09 
104.33 103.64 68.96 -79.64 28.84 18.09 
106.43 104.17 66.19 -111.44 26.88 18.49 
106.76 106.59 65.08 -104.87 28.45 17.08 
108.33 106.94 66.74 -109.33 28.06 19.09 
114.86 112.11 70.97 -72.00 28.06 17.49 
107.46 111.42 71.15 -33.60 31.01 21.10 
97.69 99.10 70.60 -27.49 30.80 20.89 
100.67 101.72 70.97 -35.45 31.20 21.30 
98.74 97.52 71.15 -32-92 31.79 21.49 
102.42 100.67 69.13 -53.66 31.39 23.29 
102.07 101.36 69.13 -32.47 31.59 21.69 
96.46 98.04 67.30 -45.02 31.59 22.29 
90.45 92.40 68.40 -52.69 30.61 22.49 
210 
APPENDIX IV 
MANUALLY COLLECTED DATA DURING SPRAY DRYING RUNS 
Notes for data on appendix IV: 
n/c =» Manual data was not collected during this time, bxit computer data was. These samples 
correspond to the start-up period where distilled water was used as feed. 
1/d Lost data due to clogging of pitot tube with spray dried soymilk mixed with exhaust 
air. 
a/d Lost data caused by atomizer speed display failure. 
m/d Missing data due to human error. 
October 4. 1994 - Run 1 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpni) temperature of air in exhaust 









































































































































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
("C) CC) pipe 
(in. H,0) 
265 19190 121 0.190 
260 19204 119 0.195 
266 19185 120 0.195 
260 19198 119 0.195 
260 19202 118 0.195 
266 19195 120 0.190 
263 19195 120 0.190 
260 19199 120 0.190 
267 19183 123 0.190 
261 19180 121 0.190 
262 19207 123 0.190 
267 19202 125 0.195 
259 19211 122 0.200 
262 19200 122 0.200 
265 19197 125 0.195 
260 19308 143 0.195 
263 19219 128 0.200 
267 19207 126 0.200 
259 19226 123 0.200 
264 19221 125 0.195 
266 19206 126 0.195 
259 19215 124 0.195 
265 19221 125 0.195 
265 19222 125 0.190 
260 19223 124 1/d 
265 19218 126 0.205 
264 19224 125 0.190 
261 19225 123 0.190 
267 19219 124 0.185 
260 19223 123 0.185 
261 19228 124 0.185 
267 19197 125 0.185 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (ipm) temperature of air in exhaust 
(»C) CC) pipe 
(in. H,0) 
262 19204 124 0.190 
268 19215 126 0.190 
259 19232 124 0.190 
264 19232 125 0.190 
268 19219 126 0.190 
259 19219 124 0.190 
264 19207 126 0.185 
267 19206 126 0.190 
259 19238 125 0.160 
265 19254 127 0.190 
267 19237 128 0.190 
260 19270 125 0.190 
264 19244 126 0.190 
263 19219 127 0.190 
260 19236 124 0.190 
266 19241 127 0.185 
262 19235 126 0.185 
260 19239 125 0.185 
266 19250 126 0.185 
264 19254 127 0.190 
260 19260 125 0.190 
265 19251 127 0.190 
261 19246 127 0.190 
261 19244 126 0.180 
260 19222 127 0.150 
261 19244 127 0.195 
262 19242 125 0.210 
266 19245 128 0.210 
261 19235 127 0.200 
261 19242 126 0.185 
266 19232 128 1/d 
261 19247 127 0.200 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CC) CQ pipe 
(in. H,0) 
267 19248 128 0.195 
260 19268 126 I/d 
262 19261 126 0.170 
267 19200 128 0.200 
259 19231 126 0.200 
262 19234 126 0.170 
267 19234 129 1/d 
259 19248 126 0.160 
263 19249 127 0.150 
263 19261 129 0.200 
259 19260 127 0.210 
265 19268 129 0.210 
265 19243 129 0.210 
259 19264 127 0.200 
263 19267 129 1/d 
266 19249 129 0.200 
259 19258 126 0.230 
263 19258 127 0.225 
264 19246 129 0.205 
259 19246 127 1/d 
264 19244 128 1/d 
266 19241 130 I/d 
259 19254 127 1/d 
264 19266 128 I/d 
266 19262 130 1/d 
260 19262 127 0.195 
264 19260 128 0.210 
264 19255 129 0.180 
259 19271 127 1/d 
266 19260 129 I/d 
263 19247 129 I/d 
261 19263 127 I/d 
266 19259 128 I/d 
214 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpm) temperature of air in exhaust 
CQ CO pipe 
(in. H,0) 
119 263 19239 129 1/d 
120 260 19264 127 yd 
121 265 19274 131 1/d 
122 265 19224 133 1/d 
123 259 19243 131 I/d 
124 263 19268 131 1/d 
125 266 19253 131 1/d 
126 258 19266 128 1/d 
October 4. 1994 - Run 2 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpm) temperature of air in exhaust 
("C) (°C) pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 n/c n/c n/c n/c 
4 n/c n/c n/c n/c 
5 n/c n/c n/c n/c 
6 258 26606 71 1/d 
7 259 26676 81 0.215 
8 262 26670 87 0.200 
9 266 26665 88 1/d 
10 261 26660 87 1/d 
11 259 26669 86 0.180 
12 264 26698 87 0.215 
13 267 26663 88 0.215 
14 259 26682 86 0.215 
15 261 26675 87 0.210 


































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature . (rpm) temperature of air in exhaust 
CC) ec) pipe 
(in. H2O) 
260 26697 87 0.155 
260 26698 88 1/d 
265 26701 89 I/d 
261 26706 89 0.200 
259 26712 88 0.215 
264 26705 89 0.215 
266 26692 91 0.215 
259 26707 88 0.215 
262 26702 89 0.215 
267 26702 92 0.215 
259 26704 91 1/d 
261 26727 90 0.155 
266 26738 92 0.205 
260 26741 91 0.210 
261 26736 90 0.205 
266 26738 92 0.205 
260 26739 91 I/d 
260 26729 91 0.200 
265 26740 93 0.215 
265 26717 93 0.210 
259 26737 91 yd 
263 26746 92 0.210 
267 26743 94 0.215 
259 26758 91 0.215 
262 26760 92 0.215 
268 26746 94 0.215 
259 26758 92 0.215 
260 26763 92 0.190 
265 26779 94 I/d 
262 26766 93 0.200 
260 26772 92 0.205 
266 26766 94 1/d 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
^C) {"C) pipe 
(in. H,0) 
259 26779 92 0.200 
265 26781 93 0.180 
263 26766 93 0.200 
259 26775 92 0.200 
264 26778 93 I/d 
266 26781 94 0.210 
258 26787 92 0.210 
263 26787 93 0.210 
267 26766 95 1/d 
259 26790 92 0.200 
263 26794 93 0.205 
267 26788 95 0.205 
260 26799 92 0.205 
263 26792 93 I/d 
267 26786 95 0.200 
259 26804 92 0.205 
260 26792 94 0.210 
266 26802 94 0.205 
258 26803 95 0.220 
260 26790 93 0.210 
267 26792 94 0.205 
261 26783 93 1/d 
260 26798 92 0.190 
266 26810 94 0.190 
262 26790 93 0.190 
260 26811 92 0.190 
265 26796 94 0.190 
263 26792 94 I/d 
259 26804 92 I/d 
265 26796 93 0.190 
262 26797 94 0.190 
260 26809 92 0.190 
266 26808 94 1/d 
217 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperatiare (rpm) temperature of air in exhaust 
CQ ("C) pipe 
(in. H,0) 
83 262 26802 94 0.190 
84 259 26832 102 0.190 
85 264 26825 105 0.190 
86 267 26778 82 0.185 
October 25. 1994 - Run 1 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpm) temperature of air in exhaust 
("C) CC) pipe 
(in. H.O) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
J n/c n/c n/c n/c 
4 n/c n/c n/c n/c 
5 250 19332 100 0.190 
6 253 19335 101 0.195 
7 257 19326 106 0.195 
8 250 19340 104 0.195 
9 253 19339 104 0.195 
10 257 19318 106 0.190 
11 250 19327 104 0.195 
12 253 19325 105 0.195 
13 257 19322 107 1/d 
14 250 19328 104 1/d 
15 254 19323 106 0.195 
16 256 19318 106 0.190 
17 250 19322 104 1/d 
18 255 19321 107 0.190 
19 256 19318 107 0.195 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
CQ (°C) pipe 
(in. H,0) 
255 19324 105 0.190 
255 19324 107 0.195 
251 19336 105 0.195 
256 19336 107 0.190 
253 19334 107 0.190 
252 19338 106 0.195 
257 19338 106 0.195 
252 19334 105 0.190 
252 19337 105 0.190 
257 19333 108 0.195 
251 19339 107 0.190 
253 19342 107 0.190 
258 19331 109 0.190 
251 19342 106 0.195 
254 19341 107 0.195 
256 19336 104 0.195 
250 19347 105 0.195 
256 19352 107 0.190 
255 19342 107 0.195 
250 19351 106 0.190 
256 19349 108 0.195 
254 19343 108 0.195 
251 19350 106 1/d 
257 19349 109 0.190 
253 19349 106 0.195 
251 19354 106 0.195 
257 19355 108 0.195 
251 19355 107 0.195 
252 19361 106 0.190 
257 19353 108 0.195 
251 19359 106 0.195 
253 19357 107 0.195 



































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
CQ (°C) pipe 
(in. H,0) 
250 19362 106 0.190 
254 19358 107 0.190 
256 19350 108 0.190 
250 19357 106 0.195 
255 19358 108 1/d 
255 19341 108 0.190 
250 19344 106 0.195 
257 19353 108 0.185 
253 19357 107 0.190 
252 19351 107 0.190 
258 19347 108 0.190 
251 19341 107 0.190 
253 19353 107 0.185 
257 19333 108 1/d 
250 19337 106 0.195 
254 19345 107 0.195 
257 19334 108 0.195 
250 19359 106 0.195 
255 19368 107 0.195 
254 19351 107 0.195 
251 19366 106 0.195 
257 19366 108 0.195 
252 19346 107 0.200 
252 19352 106 0.200 
258 19352 108 0.195 
250 19354 106 0.200 
254 19358 108 0.195 
257 19343 109 0.195 
250 19348 108 0.200 
254 19356 112 0.200 
255 19361 120 0.190 
251 19358 109 1/d 













of air in exhaust 
pipe 
(in. H,0) 
87 253 19365 108 0.195 
88 252 19361 107 0.195 
89 258 19346 109 0.195 
90 250 19353 107 0.195 
91 254 19355 108 0.200 
92 256 19356 109 0.195 
93 250 19361 106 0.195 
94 257 19364 109 0.195 
95 253 19341 108 1/d 
96 252 19370 107 0.190 
97 258 19364 109 0.190 
98 250 19360 107 I/d 
99 253 19345 107 0.190 
100 257 19344 109 0.200 
101 250 19360 106 0.200 
102 255 19368 108 0.195 
103 255 19350 109 0.200 
104 251 19362 107 0.195 
October 25. 1994 - Run 2 
Sample 
(min) 







C C )  
Velocit\' pressure 
of air in exhaust 
pipe 
(in. HiO) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 266 26660 106 0.200 
J 266 26662 107 0.200 
4 259 26667 109 0.200 
5 259 26671 108 0.200 



































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CQ CQ pipe 
(in. H2O) 
264 26683 111 0.195 
266 26672 113 0.195 
259 26679 111 0.190 
260 26680 110 0.190 
264 26683 111 0.190 
266 26677 112 0.190 
259 26690 110 0.190 
261 26698 111 0.190 
265 26704 112 0.190 
265 26684 113 0.190 
260 26706 111 0.190 
262 26706 112 1/d 
266 26710 113 1/d 
261 26708 112 0.185 
261 26712 111 0.185 
265 26725 113 0.185 
265 26714 113 0.185 
259 26731 112 0.185 
262 26735 113 0.185 
267 26733 114 0.185 
260 26741 112 0.180 
261 26740 112 0.185 
265 26750 114 0.185 
264 26736 114 0.185 
260 26750 112 0.185 
263 26758 114 1/d 
266 26740 114 0.185 
260 26749 113 0.185 
261 26750 112 0.185 
266 26755 114 0.185 
262 26741 113 0.180 
261 26759 113 0.180 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpna) temperature of air in exhaust 
(°C) (°C) pipe 
(in. H,0) 
266 26750 115 0.180 
259 26776 112 0.185 
262 26764 113 0.185 
267 26770 114 0.185 
262 26758 113 0.180 
260 26764 112 0.180 
264 26771 114 1/d 
265 26753 114 1/d 
260 26779 112 1/d 
264 26770 114 1/d 
267 26754 115 0.175 
260 26782 112 I/d 
262 26780 113 0.180 
267 26770 114 0.180 
262 26768 113 0.180 
260 26778 113 0.185 
265 26768 114 1/d 
265 26762 114 0.180 
260 26781 113 0.180 
264 26780 114 0.180 
266 26766 115 0.175 
259 26786 112 0.180 
263 26786 113 0.180 
267 26766 114 0.180 
260 26778 113 0.185 
262 26777 113 0.180 
266 26784 114 0.180 
262 26785 114 0.180 
260 26789 112 0.180 
264 26786 113 0.175 
266 26774 114 0.175 
260 26783 112 0.180 





























Inlet heated air Atomizer speed Outlet air Velocity presstire 
temperature (ipni) temperature of air in exhaust 
(»C) eO pipe 
(in. H,0) 
267 26777 115 0.180 
260 26790 113 0.180 
261 26796 114 1/d 
267 26793 115 I/d 
261 26793 113 0.180 
261 26793 113 0.180 
266 26792 114 0.175 
264 26786 114 0.175 
260 26798 112 0.180 
264 26798 113 I/d 
266 26785 114 0.175 
260 26795 112 0.175 
264 26796 113 1/d 
266 26780 114 0.175 
260 26787 112 0.175 
264 26796 113 0.170 
266 26784 114 I/d 
260 26802 111 0.170 
263 26798 112 0.170 
267 26790 114 0.175 
260 26800 112 0.165 
263 26804 112 0.170 
267 26790 114 0.170 
260 26800 112 I/d 
263 26793 112 0.170 
267 26792 113 0.170 













of air in exhaust 
pipe 
(in. HiO) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
J n/c n/c n/c n/c 
4 250 26807 98 0.195 
5 256 26800 101 I/d 
6 254 26826 103 1/d 
7 250 26800 102 I/d 
8 256 26798 104 I/d 
9 253 26789 104 I/d 
10 251 26789 104 0.200 
11 257 26784 105 0.200 
12 252 26772 105 0.205 
13 252 26788 105 0.200 
14 257 26778 106 I/d 
15 251 26782 105 0.200 
16 254 26789 106 0.200 
17 257 26778 107 1/d 
18 250 26784 105 0.205 
19 254 26792 106 0.205 
20 257 26772 108 0.205 
21 250 26780 106 0.205 
22 255 26781 107 I/d 
23 255 26760 108 0.200 
24 250 26776 106 0.205 
25 255 26780 108 0.205 
26 250 26776 107 0.200 
27 256 26777 108 0.200 
28 258 26761 109 0.200 
29 251 26775 107 • I/d 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CQ (»C) pipe 
(in. H,0) 
258 26769 109 0.200 
250 26788 107 0.205 
254 26789 108 yd 
256 26776 109 0.205 
252 26787 108 I/d 
255 26784 109 0.200 
255 26773 110 0.205 
251 26783 108 0.210 
258 26770 110 I/d 
253 26773 109 yd 
252 26796 108 0.200 
258 26777 111 yd 
251 26793 108 0.195 
253 26793 109 0.200 
257 26779 110 0.205 
250 26793 108 yd 
255 26793 109 0.185 
256 26787 110 0.205 
250 26810 109 0.205 
256 26804 110 yd 
254 26790 109 0.190 
251 26804 109 0.200 
258 26797 110 0.200 
252 26794 109 0.205 
253 26805 109 0.205 
258 26795 111 0.200 
250 26812 109 0.210 
254 26810 110 0.210 
256 26801 111 0.210 
250 26809 109 0.210 
256 26836 111 0.205 
254 26815 111 yd 
































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
(°C) CQ pipe 
(in. H,0) 
257 26816 111 0.195 
252 26812 110 0.205 
252 26827 109 0.205 
258 26810 111 0.200 
251 26833 109 0.200 
253 26824 110 1/d 
257 26812 111 0.195 
250 26841 109 0.205 
255 26837 110 0.205 
255 26825 111 1/d 
251 26851 109 I/d 
257 26853 111 I/d 
253- 26838 111 1/d 
253 26832 110 I/d 
258 26823 111 0.200 
250 26832 109 0.210 
254 26835 110 0.205 
257 26835 111 1/d 
249 26847 107 0.200 
255 26835 110 0.205 
256 26811 111 0.210 
251 26827 109 0.205 
257 26833 111 1/d 
253 26833 110 0.205 
252 26838 110 0.210 
258 26831 112 0.205 
251 26851 109 0.200 
254 26846 110 0.205 
254 26859 116 0.200 













of air in exhaust 
pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 d/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 n/c n/c n/c n/c 
4 278 26820 110 0.210 
5 281 26751 94 0.210 
6 281 26738 85 0.205 
7 280 26734 83 1/d 
8 279 26734 82 1/d 
9 277 26728 82 0.210 
10 276 26735 81 0.210 
11 275 26744 81 0.215 
12 275 26727 81 0.210 
13 274 26730 81 0.215 
14 274 26752 81 0.215 
15 273 26752 81 1/d 
16 273 26749 81 0.200 
17 277 26763 82 0.215 
18 282 26752 84 0.210 
19 281 26758 85 1/d 
20 279 26758 84 0.205 
21 278 26762 84 1/d 
22 277 26762 83 1/d 
23 276 26779 83 0.215 
24 275 26772 83 0.220 
25 274 26778 83 0.210 
26 273 26784 83 0.220 
27 277 26801 83 0.215 
28 282 26787 85 1/d 
29 281 26782 86 1/d 


































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
("C) (°C) pipe 
(in. H,0) 
277 26798 85 0.210 
276 26808 84 0.215 
275 26806 84 1/d 
274 26801 84 0.215 
274 26803 83 0.210 
273 26809 84 1/d 
277 26811 84 0.210 
282 26800 86 0.215 
281 26795 86 1/d 
279 26793 86 1/d 
279 26788 84 0.205 
278 26795 84 0.205 
277 26794 84 0.210 
276 26792 84 0.215 
276 26790 84 I/d 
275 26794 84 0.215 
275 26797 84 0.215 
274 26798 84 I/d 
275 26797 82 0.210 
275 26797 83 0.215 
275 26796 83 0.210 
275 26794 83 0.215 
275 26791 83 L'd 
275 26801 83 0.210 
275 26797 83 1/d 
274 26797 83 0.205 
274 26798 83 1/d 
274 26798 83 0.210 
275 26812 87 1/d 
277 26882 111 0.195 
277 26821 92 0.210 
277 26821 90 1/d 













of air in exhaust 
pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 275 19283 114 I/d 
4 276 19274 115 1/d 
5 268 19288 115 I/d 
6 272 19287 115 0.195 
7 276 19288 117 0.190 
8 273 19286 115 0.190 
9 269 19289 113 0.190 
10 272 19291 115 1/d 
11 276 19293 117 0.190 
12 271 19304 116 0.195 
13 269 19305 116 0.195 
14 273 19305 117 0.190 
15 277 19302 119 0.190 
16 269 19306 116 0.195 
17 270 19314 117 0.190 
18 275 19304 118 0.185 
19 275 19295 119 0.185 
20 269 19308 116 0.185 
21 272 19311 115 0.185 
22 276 19302 117 0.185 
23 270 19311 116 1/d 
24 270 19315 116 0.185 
25 275 19312 117 0.185 
26 276 19312 118 1/d 
27 269 19316 115 1/d 
28 271 19325 116 1/d 
29 276 19318 116 0.190 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
(°C) CQ pipe 
(in. H,0) 
269 19318 115 0.190 
274 19316 117 0.190 
277 19308 118 0.190 
269 19322 114 1/d 
271 19317 115 0.185 
276 19315 116 0.185 
271 19313 116 0.190 
269 19325 114 1/d 
274 19321 116 0.185 
277 19309 117 0.190 
269 19319 115 0.185 
271 19318 114 1/d 
276 19314 116 0.185 
272 19313 115 0.185 
269 19308 113 0.180 
273 19314 115 1/d 
277 19303 116 0.190 
269 19315 113 1/d 
271 19316 113 0.180 
276 19311 115 0.190 
270 19308 115 0.190 
269 19314 114 0.190 
273 19319 115 0.190 
277 19308 117 0.190 
269 19310 114 0.190 
271 19310 114 1/d 
276 19313 115 0.185 
271 19322 115 1/d 
270 19325 114 1/d 
274 19321 115 1/d 
276 19312 116 0.190 
269 19323 113 0.185 













of air in exhaust 
pipe 
(in. H,0) 
64 276 19328 115 0.185 
65 272 19323 115 0.190 
66 269 19326 113 0.185 
61 273 19326 115 0.185 
68 277 19319 116 0.185 
69 269 19334 114 0.190 
70 272 19329 115 0.185 
71 277 19328 115 0.190 
72 271 19332 114 0.190 
73 270 19327 114 0.190 
74 274 19330 114 0.185 
75 275 19320 115 0.190 
76 269 19329 115 0.190 
77 272 19338 116 0.190 
78 277 19338 117 0.190 
79 269 19329 115 0.190 
80 271 19325 114 0.185 
81 275 19321 116 0.185 
82 274 19313 115 1/d 
83 272 19339 121 0.185 
November 8. 1994 -Run 2 
Sample 
(min) 









of air in exhaust 
pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
J n/c n/c n/c n/c 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
(°Q (°C) pipe 
(in. H,0) 
n/c n/c n/c n/c 
n/c n/c n/c n/c 
n/c n/c n/c n/c 
n/c n/c n/c n/c 
272 m/d 112 0.190 
275 26550 110 0.190 
276 26507 117 0.185 
268 26726 114 0.190 
271 26878 115 0.185 
274 26853 116 0.185 
275 26827 117 0.180 
269 26828 115 0.180 
271 26825 115 0.180 
276 26816 118 1/d 
272 26810 117 0.180 
269 26823 116 1/d 
274 26817 118 0.180 
277 26801 119 0.175 
269 26816 117 1/d 
271 26810 117 0.175 
275 26812 119 0.175 
272 26811 118 0.175 
270 26817 117 0.175 
273 26817 118 0.175 
277 26804 120 0.175 
269 26819 117 0.175 
272 26813 117 l/d 
276 26816 119 0.170 
271 26820 118 1/d 
270 26819 117 l/d 
275 26825 119 I/d 
276 26804 118 0.190 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
CQ ("C) pipe 
(in. H,0) 
272 26826 116 1/d 
276 26820 119 i/d 
271 26824 118 0.195 
270 26829 117 0.195 
274 26824 118 0.195 
276 26806 118 0.195 
269 26822 116 0.195 
272 26811 118 0.195 
277 26804 119 0.195 
270 26817 117 0.195 
270 26817 117 0.195 
275 26821 117 0.195 
276 26808 118 I/d 
269 26815 115 0.195 
272 26815 116 0.190 
277 26801 117 0.190 
270 26812 116 0.190 
271 26812 116 0.190 
275 26819 117 1/d 
272 26814 116 0.185 
270 26819 115 0.190 
274 26820 118 0.190 
275 26822 118 0.185 
269 26832 116 0.190 
273 26832 118 0.190 
277 26824 119 0.190 
269 26846 117 0.190 
271 26840 117 0.190 
276 26839 119 0.190 
272 26834 118 0.190 
270 26836 116 0.185 
276 26839 118 1/d 




























Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (ipm) temperature of air in exhaust 
("C) CQ pipe 
(in. H,0) 
269 26838 117 0.190 
273 26839 117 1/d 
276 26824 118 0.190 
269 26842 116 0.190 
273 26842 117 1/d 
277 26832 119 0.190 
270 26844 117 0.190 
271 26853 117 0.190 
276 26852 118 l/d 
269 26835 116 0.190 
270 26835 116 0.185 
275 26842 118 0.190 
274 26823 117 I/d 
269 26838 116 0.185 
273 26844 117 0.185 
277 26833 118 l/d 
269 26848 115 0.185 
272 26848 116 0.190 
277 26828 118 0.185 
270 26847 116 0.180 
271 26849 116 I/d 
276 26852 116 0.175 
270 26844 117 0.180 
270 26849 117 0.180 
275 26852 124 0.185 













of air in exhaust 
pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 n/c n/c n/c n/c 
4 265 26807 102 0.175 
5 259 26827 99 0.175 
6 260 26823 102 0.175 
1 262 26826 104 0.150 
S 264 26823 104 0.170 
9 266 26813 106 0.165 
10 259 26825 103 1/d 
11 262 26825 104 0.200 
12 264 26823 104 0.195 
13 267 26804 106 0.195 
14 259 26818 103 I/d 
15 260 26822 103 0.190 
16 264 26827 104 0.190 
17 266 26819 105 0.195 
18 259 26838 103 0.195 
19 260 26838 104 0.190 
20 264 26843 104 0.195 
21 267 26831 106 0.190 
22 259 26848 103 1/d 
23 261 26847 104 0.180 
24 266 26852 105 0.190 
25 262 26829 105 0.195 
26 260 26844 103 0.190 
27 263 26849 105 0.190 
28 267 26842 106 0.190 
29 259 26909 113 0.190 








































































Outlet air Velocity pressure 
















































of air in exhaxist 
pipe 
(in. HiO) 
64 260 26899 106 I/d 
65 259 26906 108 0.180 
66 264 26904 108 0.185 
67 264 26899 107 0.185 
68 259 26913 106 0.180 
69 264 26912 107 1/d 
70 266 26915 108 0.180 
71 262 26900 107 1/d 
72 260 26906 106 0.185 
73 264 26909 107 0.180 
74 267 26896 108 0.180 
75 259 26918 106 0.180 
76 262 26920 106 1/d 
77 265 26933 107 0.180 
78 263 26919 107 0.180 
79 259 26919 105 0.185 
80 263 26922 106 0.180 
81 267 26916 109 l/d 
82 259 26918 114 0.180 
83 261 26915 113 0.180 
November 15. 1994 - Run 2 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpni) temperature of air in exhaust 
CO CC) pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 265 a/d 104 Vd 
3 267 a/d 104 1/d 


































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
("C) ("C) pipe 
(m. H,0) 
262 a/d 103 0.145 
267 a/d 105 0.200 
260 a/d 104 0.220 
261 a/d 104 0.230 
266 a/d 106 0.230 
262 a/d 104 0.225 
260 a/d 104 0.220 
265 a/d 105 0.215 
265 a/d 106 0.215 
259 a/d 104 0.215 
264 a/d 105 0.215 
266 a/d 106 0.210 
259 a/d 104 0.210 
263 a/d 105 0.210 
267 a/d 107 1/d 
259 a/d 105 0.210 
264 a/d 105 0.205 
267 a/d 107 0.210 
259 a/d 104 0.200 
262 a/d 105 0.215 
267 a/d 107 1/d 
260 a/d 105 0.205 
263 a/d 106 0.205 
267 a/d 108 0.210 
260 a/d 105 0.210 
262 a/d 106 0.210 
267 a/d 107 0.210 
260 a/d 105 0.210 
262 a/d 105 0.210 
268 a/d 107 0.205 
260 a/d 105 0.210 
263 a/d 106 0.210 













of air in exhaust 
pipe 
(in. H,0) 
38 260 a/d 105 0.210 
39 263 a/d 106 0.210 
40 267 a/d 108 0.215 
41 259 a/d 105 0.210 
42 263 a/d 105 0.205 
43 268 a/d 107 1/d 
44 259 a/d 105 0.200 
45 262 a/d 105 0.210 
46 267 a/d 107 1/d 
41 259 a/d 105 0.205 
48 263 a/d 105 0.210 
49 267 a/d 107 0.210 
50 260 a/d 105 I/d 
51 262 a/d 105 0.200 
52 267 a/d 107 0.210 
53 259 a/d 105 0.215 
54 262 a/d 105 0.210 
55 267 a/d 107 0.195 
56 260 a/d 105 0.210 
SI 262 a/d 105 0.210 
58 267 a/d 107 0.210 
59 259 a/d 105 0.215 
60 262 a/d 105 1/d 
61 267 a/d 107 0.210 
62 259 a/d 106 0.215 
63 262 a/d 106 0.215 
64 267 a/d 107 1/d 
65 261 a/d 105 0.215 
66 262 a/d 105 0.215 
67 267 a/d 107 0.210 
68 260 a/d 105 1/d 
69 262 a/d 105 0.200 













of air in exhaust 
pipe 
(in. H,0) 
71 261 a/d 106 0-210 
72 261 a/d 105 0-210 
73 267 a/d 107 I/d 
74 261 a/d 105 0-210 
75 261 a/d 105 0-215 
76 266 a/d 106 0-215 
77 259 a/d 108 0-225 
78 261 a/d 106 0-215 
79 266 a/d 108 Vd 
80 260 a/d 112 0-215 
November ID. 1994 - Run 1 
Sample 
(min) 









of air in exhaust 
pipe 
(in. H3O) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
J n/c n/c n/c n/c 
4 259 a/d 103 0-190 
5 263 a/d 105 0.195 
6 267 a/d 108 0.195 
7 259 a/d 106 0.195 
8 260 a/d 106 0.190 
9 265 a/d 107 1/d 
10 264 a/d 108 0.190 
11 259 a/d 106 0.190 
12 263 a/d 107 1/d 
13 267 a/d 108 0.185 


































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CQ CQ pipe 
(in. H,Q) 
261 a/d 106 0.185 
266 a/d 108 0.185 
262 a/d 107 1/d 
260 a/d 105 0.180 
265 a/d 107 I/d 
266 a/d 108 1/d 
259 a/d 105 1/d 
263 a/d 107 I/d 
267 a/d 108 0.190 
258 a/d 107 0.190 
261 a/d 106 0.190 
267 a/d 109 I/d 
262 a/d 107 I/d 
259 a/d 105 0.195 
263 a/d 108 0.195 
267 a/d 108 0.190 
259 a/d 107 0.195 
262 a/d 106 I/d 
267 a/d 109 0.185 
260 a/d 107 I/d 
260 a/d 106 0.190 
265 a/d 108 0.190 
262 a/d 107 0.190 
259 a/d 106 1/d 
264 a/d 107 I/d 
266 a/d 109 I/d 
259 a/d 105 0.190 
263 a/d 106 0.195 
267 a/d 109 0.195 
258 a/d 106 0.205 
260 a/d 106 0.195 
263 a/d 109 0.200 













of air in exhaust 
pipe 
(in. HiO) 
48 259 a/d 104 0.200 
49 261 a/d 111 0.195 
50 267 a/d 111 l/d 
51 260 a/d 105 1/d 
52 261 a/d 106 l/d 
53 265 a/d 107 0.185 
54 263 a/d 107 0.195 
55 259 a/d 106 0.195 
56 264 a/d 107 0.195 
57 266 a/d 108 0.180 
58 259 a/d 105 I/d 
59 262 a/d 106 0.190 
60 267 a/d 107 0.190 
61 259 a/d 105 I/d 
62 262 a/d 106 0.185 
63 267 a/d 107 0.190 
64 260 a/d 105 l/d 
65 261 a/d 105 0.190 
66 266 a/d 107 0.190 
67 261 a/d 106 l/d 
68 260 a/d 105 l/d 
69 264 a/d 107 0.190 
70 266 a/d 107 0.190 
71 259 a/d 104 0.195 
72 263 a/d 105 0.195 
73 267 a/d 107 0.195 
74 259 a/d 105 0.195 
75 262 a/d 105 0.195 
76 267 a/d 107 0.195 
77 260 a/d 106 0.195 
78 260 a/d 109 0.190 













of air in exhaust 
pipe 
(in. HiO) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
n/c n/c n/c n/c 
4 n/c n/c n/c n/c 
5 n/c n/c n/c n/c 
6 n/c n/c n/c n/c 
7 n/c n/c n/c n/c 
8 251 a/d 98 0.200 
9 249 a/d 97 0.200 
10 251 a/d 102 0.200 
11 254 a/d 103 0.200 
12 256 a/d 104 1/d 
13 249 a/d 101 0.200 
14 251 a/d 101 0.200 
15 254 a/d 102 0.200 
16 255 a/d 103 0.200 
17 249 a/d 100 0.200 
18 252 a/d 101 0.200 
19 257 a/d 103 0.195 
20 250 a/d 101 1/d 
21 250 a/d 100 0.185 
22 254 a/d 102 0.200 
23 256 a/d 103 0.200 
24 248 a/d 100 0.200 
25 251 a/d 100 0.200 
26 255 a/d 101 0.195 
27 254 a/d 102 0.195 
28 249 a/d 99 0.195 
29 254 a/d 101 0.195 













of air in exhaust 
pipe 
(in. H,0) 
31 249 a/d 100 0.195 
32 251 a/d 100 1/d 
33 255 a/d 101 0.195 
34 254 a/d 102 0.195 
35 249 a/d 99 0.200 
36 253 a/d 100 0.195 
37 257 a/d 102 0.195 
38 249 a/d 99 0.195 
39 251 a/d 100 0.195 
40 256 a/d 101 0.195 
41 252 a/d 101 0.195 
42 249 a/d 99 0.195 
43 253 a/d 100 1/d 
44 257 a/d 101 I/d 
45 249 a/d 100 0.190 
46 252 a/d 100 1/d 
47 257 a/d 101 yd 
48 250 a/d 100 0.200 
49 250 a/d 99 0.200 
50 254 a/d 100 0.200 
51 256 a/d 102 0.195 
52 249 a/d 99 0.200 
53 252 a/d 99 0.195 
54 257 a/d 101 0.195 
55 250 a/d 100 1/d 
56 251 a/d 99 1/d 
57 256 a/d 101 0.195 
58 255 a/d 101 1/d 
59 249 a/d 99 0.200 
60 252 a/d 100 0.200 
61 257 a/d 101 1/d 
62 250 a/d 99 yd 
































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CC) (-C) pipe 
(in. H2O) 
254 a/d 100 0.190 
254 a/d 101 I/d 
249 a/d 99 0.200 
253 a/d 100 0.200 
257 a/d 101 0.200 
247 a/d 100 0.205 
250 a/d 99 0.200 
254 a/d 100 0.200 
256 a/d 101 0.195 
249 a/d 99 1/d 
251 a/d 99 0.195 
256 a/d 100 1/d 
251 a/d 100 0.195 
249 a/d 99 0.190 
254 a/d 100 0.195 
256 a/d 101 l/d 
249 a/d 99 0.195 
252 a/d 99 I/d 
256 a/d 100 1/d 
251 a/d 100 0.195 
250 a/d 98 1/d 
254 a/d 100 0.195 
257 a/d 101 I/d 
249 a/d 99 1/d 
253 a/d 99 1/d 
257 a/d 100 0.195 
251 a/d 99 0.200 
250 a/d 98 0.200 
254 a/d 100 0.200 
256 a/d 105 0.200 
249 a/d 106 0.200 













of air in exhaust 
pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 n/c n/c n/c n/c 
4 274 a/d 103 0.195 
5 270 a/d 107 0.195 
6 271 a/d 106 0.195 
7 274 a/d 107 0.195 
8 277 a/d 108 0.195 
9 274 a/d 108 0.195 
10 270 a/d 106 0.190 
11 273 a/d 107 1/d 
12 277 a/d 109 0.195 
13 277 a/d 110 I/d 
14 270 a/d 108 0.195 
15 273 a/d 109 0.195 
16 277 a/d 110 0.195 
17 277 a/d 110 I/d 
18 270 a/d 108 0.190 
19 273 a/d 109 0.195 
20 277 a/d 111 0.195 
21 276 a/d 111 0.195 
22 270 a/d 109 0.195 
23 273 a/d 110 I/d 
24 277 a/d 111 1/d 
25 273 a/d 111 0.190 
26 271 a/d 110 0.195 
27 275 a/d 110 0.195 
28 278 a/d 112 0.200 
29 272 a/d 111 0.195 



































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpm) temperature of air in exhaust 
CQ ("C) pipe 
(in. H,0) 
275 a/d 111 0.195 
278 a/d 112 0.195 
271 a/d 111 1/d 
273 a/d 110 0.195 
276 a/d 111 0.195 
275 a/d 112 0.195 
270 a/d 110 0.195 
273 a/d 111 1/d 
277 a/d 112 0.195 
274 a/d 112 0.195 
271 a/d 110 0.200 
274 a/d 111 0.195 
278 a/d 112 1/d 
272 a/d 112 0.195 
272 a/d 110 0.195 
275 a/d 111 0.195 
279 a/d 113 1/d 
271 a/d 111 0.185 
272 a/d 110 0.195 
276 a/d 112 0.195 
278 a/d 113 0.195 
270 a/d 111 1/d 
271 a/d 112 0.195 
276 a/d 112 0.195 
278 a/d 113 0.195 
271 a/d 110 0.195 
272 a/d 111 0.195 
277 a/d 112 0.195 
276 a/d 113 0.195 
271 a/d 111 0.195 
274 a/d 112 0.185 
279 a/d 114 0.195 













of air in exhaust 
pipe 
(in. H,0) 
64 272 a/d 111 0.195 
65 277 a/d 112 1/d 
66 277 a/d 113 0.195 
67 270 a/d 111 0.195 
68 274 a/d 111 1/d 
69 278 a/d 113 0.195 
70 272 a/d 111 0.195 
71 271 a/d 111 0.195 
72 276 a/d 112 0.195 
73 278 a/d 113 0.190 
74 270 a/d 116 0.195 
75 273 a/d 110 0.195 
76 278 a/d 112 0.195 
77 273 a/d 111 0.195 
78 271 a/d 110 0.195 
79 275 a/d 112 0.195 
80 278 a/d 119 0.190 
December 6. 1994 - Run 2 
Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpm) temperature of air in exhaust 
CO CC) pipe 
(in. H,0) 
0 n/c n/c n/c n/c 
1 n/c n/c n/c n/c 
2 n/c n/c n/c n/c 
3 n/c n/c n/c n/c 
4 277 a/d 104 0.190 
5 276 a/d 107 0.190 
6 270 a/d 106 0.195 



































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
(°C) CQ pipe 
(in. H,0) 
276 a/d 18 0.195 
277 a/d 109 0.190 
270 a/d 108 0.195 
273 a/d 108 0.190 
276 a/d 103 0.190 
278 a/d 110 0.185 
270 a/d 109 1/d 
272 a/d 109 0.185 
277 a/d 110 0.195 
274 a/d 109 0.195 
270 a/d 109 0.195 
274 a/d 109 0.195 
278 a/d 111 0.195 
272 a/d 110 0.195 
271 a/d 109 0.190 
276 a/d 110 0.185 
278 a/d 112 1/d 
271 a/d 110 0.185 
273 a/d 110 0.195 
278 a/d 111 0.195 
272 a/d 111 0.190 
271 a/d 110 0.190 
274 a/d 110 0.190 
279 a/d 112 1/d 
271 a/d 111 0.185 
272 a/d 109 0.185 
277 a/d 111 I/d 
277 a/d 112 0.185 
270 a/d 109 1/d 
274 a/d 111 0.185 
279 a/d 112 0.190 
271 a/d 110 0.190 




































Inlet heated air Atomizer speed Outlet air Velocity pressure 
temperature (rpni) temperature of air in exhaust 
("C) ("C) pipe 
(in. H,0) 
277 a/d 111 0.190 
277 a/d 112 0.185 
271 a/d 109 1/d 
274 a/d 110 1/d 
279 a/d 112 1/d 
271 a/d 111 0.190 
272 a/d 110 0.210 
276 a/d 111 0.200 
276 a/d 112 0.200 
271 a/d 110 0.200 
275 a/d 110 0.200 
278 a/d 113 0.200 
270 a/d 110 0.200 
273 a/d 110 0.200 
278 a/d 112 0.200 
272 a/d 111 0.200 
272 a/d 110 0.200 
277 a/d 111 0.200 
275 a/d 112 0.200 
270 a/d 110 0.200 
275 a/d 110 1/d 
279 a/d 111 0.200 
271 a/d 109 0.200 
274 a/d 110 0.200 
278 a/d 111 0.200 
274 a/d 111 0.200 
271 a/d 109 0.200 
276 a/d 111 0.200 
277 a/d 112 0.200 
271 a/d 111 0.200 
276 a/d 112 0.200 
279 a/d 112 0.200 
271 a/d 108 0.200 
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Sample Inlet heated air Atomizer speed Outlet air Velocity pressure 
(min) temperature (rpm) temperature of air in exhaust 
CQ CC) pipe 
(in. H,0) 
74 273 a/d 109 0.195 
75 274 a/d 113 0.200 
76 279 a/d 113 0.200 
77 271 a/d 111 I/d 
78 271 a/d 110 0.200 
79 275 a/d 112 0.200 
80 278 a/d 115 0.200 
81 270 a/d 115 0.190 
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APPENDIX V 
FEED ANALYSIS DATA 
Missing data is represented by a hyphen (-). 
Properties: 
Drying date Run order Solids Weight of pH Feed 
(yr. 1994) content 83.7nil temperature 
(±0.1 %) (±0.01 g) (±0.1 °C) 
Oct. 4 1 10.3 86.21 6.58 10.2 
2 10.3 
Oct. 25 1 10.4 84.78 6.66 20.1 
2 10.4 85.34 6.67 20.1 
Nov. 1 1 7.8 84.72 6.73 23.0 
2 7.1 84.41 6.31 23.7 
Nov. 8 1 8.0 84.37 6.73 23.0 
2 8.5 84.81 6.71 23.1 
Nov. 15 1 8.1 84.29 6.64 22.0 
2 7.4 84.37 6.70 21.8 
Nov. 22 1 8.5 84.87 6.66 22.2 
2 7.4 84.41 6.66 22.7 
Dec. 6 1 - 84.91 6.63 18.7 
2 - 84.51 6.61 18.7 
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Color rtristiimilus values L. a. bt: 
Drying date Run order Repetition Lab 
(yr-1994) 
Oct. 4 1 1 - - -
2 - - -
3 - - -
2 1 - - -
2 - - -
3 - - -
Oct. 25 1 1 80.81 -1.26 15.25 
2 80.81 -1.17 15.27 
n J 80.75 -1.25 15.30 
2 1 81.02 -1.52 15.47 
2 80.87 -1.56 15.43 
*> J 80.78 -1.54 15.39 
Nov. 1 1 1 - - -




2 1 - - -





Run order Repetition 
1 1 81.88 -1.80 12.42 
2 81.90 -1.71 12.46 
J 81.88 -1.82 12.42 
2 1 77.82 -2.23 14.69 
2 77.83 -2.28 14.77 
J 77.82 -2.25 14.78 
1 1 78.68 -2.23 14.64 
2 78.64 -2.21 14.76 
J 78.71 -2.20 14.81 
2 1 82.61 -1.37 12.21 
2 82.66 -1.22 12.23 
J 82.63 -1.22 12.23 
1 1 77.32 -2.12 14.58 
2 77.30 -2.01 14.55 
J 77.29 -2.13 14.57 
2 1 77.03 -2.28 10.19 
2 76.20 -2.32 9.94 
:> 75.86 -2.44 9.82 
1 1 78.06 -2.45 15.17 
2 78.03 -2.48 15.15 
D 78.05 -2.39 15.24 
2 1 81.82 -0.89 12.58 
2 81.80 -0.93 12.64 







OKARA ANALYSIS DATA 









Normality Blank Repetition Sample 










































Drying date Run Normality Blank Repetition Sample Titration 
(yr. 1994) order HCl (±0.1 ml) (±0.01 g) (±0.1 ml) 
1 0.1047 0.2 1 1.00 4.2 
2 1.00 5.3 
3 1.00 -




1 0.1047 0.2 I 1.01 13.3 
2 1.02 13.1 
J 1.01 13.3 
2 0.1047 0.2 1 1.01 9.3 
2 1.05 9.6 
n 
J 1.01 9.3 
Nov. 22 1 - - 1 
2 
J 
2 - - 1 
2 
o J 
Dec. 6 1 - - I 
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Fat: 
Drying date Run order Repetition Sample Beaker Beaker -i- Oil 
(yr. 1994) (±0.01 g) (±0.01 g) (±0.01 g) 
Oct. 4 1 1 5.04 64.31 64.38 
2 5.05 67.20 67.27 
J - - -
2 1 5.07 67.36 67.41 
2 5.08 66.54 66.60 
3 5.05 63.77 63.84 
Oct. 25 1 1 5.00 66.45 66.56 
2 5.00 66.24 66.39 
3 5.00 67.21 67.32 
2 1 4.95 64.03 64.10 
2 4.92 65.51 65.58 
3 4.98 66.98 67.05 
Nov. 1 1 1 5.03 64.31 64.32 
2 5.08 66.54 66.55 
3 4.94 63.77 63.78 
2 1 5.01 66.92 66.96 
2 5.05 63.95 64.01 








Beaker + 0 
(±0.01 g) 
Nov. 8 1 I 5.09 66.90 66.93 
2 5.11 63.95 63.98 
n J 5.02 68.41 -
2 1 5.02 65.52 65.60 
2 5.01 63.15 63.24 
J 5.03 66.99 67.08 
Nov. 15 1 1 5.06 67.38 67.49 
2 5.07 67.13 67.25 
J 5.02 67.36 67.46 
2 I 5.06 64.87 64.89 
2 5.04 67.47 67.53 
3 5.03 67.05 67.10 
Nov. 22 I 1 5.07 66.88 66.97 
2 5.00 63.95 64.01 
J 5.02 68.42 68.48 
2 1 5.01 67.20 67.22 
2 5.01 65.51 65.53 
J 5.04 66.24 66.26 













Run order Repetition Dish 
(±0.01 g) 
Dish + sample 
(±0.01 g) 
Dish + ash 
(±0.01 g) 
Oct 4 1 1 9.79 11.73 9.80 
2 9.79 11.77 9.81 
J 10.37 12.38 10.38 
2 1 10.15 12.19 10.17 
2 10.23 12.22 10.24 
J 10.14 12.15 10.15 
Oct. 25 1 1 10.10 12.10 10.12 
2 10.33 12.33 10.34 
J 10.39 12.39 10.41 
2 I 9.94 11.94 9.95 
2 10.28 12.27 10.29 
n J 10.23 12.23 10.25 
Nov. 1 1 1 10.23 12.31 10.25 
2 9.79 11.77 9.80 
J 9.94 11.96 9.95 
2 1 10.15 12.17 10.16 
2 14.27 16.29 14.29 




Run order Repetition Dish 
(±0.01 g) 
Dish + sample 
(±0.01 g) 
Dish + ash 
(±0.01 g) 
Nov. 8 1 1 9.79 11.74 9.81 
2 9.63 11.66 9.65 
o 
J 9.60 11.63 9.62 
2 1 10.28 12.31 10.29 
2 22.61 24.61 22.62 
J 45.69 47.69 45.72 
Nov. 15 1 1 10.28 12.29 10.30 
2 10.18 12.18 10.19 
J 9.79 11.78 9.81 
2 1 9.96 11.98 9.96 
2 9.61 11.62 9.61 
3 14.30 16.31 14.30 
Nov. 22 1 1 10.28 12.29 10.29 
2 9.60 11.59 9.61 
9.94 11.95 9.96 
2 1 9.61 11.63 9.62 
2 9.79 11.79 9.80 
14.28 16.26 14.29 














Run order Repetition Dish 
(±0.01 g) 
Dish + sample 
(±0.01 g) 
Dish -i- ash 
(±0.01 g) 
Oct. 4 1 1 36.80 41.80 38.02 
2 36.50 41.50 37.73 
2 
J 
1 36.40 41.40 37.57 
2 36.70 41.70 37.89 
3 36.60 41.60 37.82 
Oct. 25 1 1 37.01 41.01 38.23 
2 36.65 41.65 37.85 
'•> J 36.58 41.58 37.78 
2 1 36.89 41.86 38.04 
2 36.88 41.88 38.04 
3 36.31 41.37 37.51 
Nov. 1 1 1 36.62 41.61 37.77 
2 36.33 41.35 37.48 
J 36.60 41.59 37.71 
2 1 36.97 41.97 37.94 
2 36.95 41.92 37.94 
J 36.61 41.60 37.61 
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Drying date Run order Repetition Dish Dish + sample Dish + ash 
(yr. 1994) (±0.01 g) (±0.01 g) (±0.01 g) 
Nov. 8 1 1 36.57 41.38 37.64 
2 36.48 41.48 37.57 
:> 36.39 41.41 37.48 
2 1 36.59 41.58 37.76 
2 36.72 41.73 37.85 
J 36.84 41.86 38.01 
Nov. 15 1 1 36.54 41.56 37.64 
2 36.69 41.69 37.79 
J 36.54 41.53 37.70 
2 1 36.88 41.87 37.89 
2 36.41 41.41 37.44 
J 36.87 41.88 37.90 
Nov. 22 1 1 36.61 41.62 37.67 
2 36.31 41.32 37.42 
3 36.54 41.54 37.65 
2 1 36.53 41.54 37.51 
2 36.85 41.86 37.86 
3 36.63 41.62 37.61 












SPRAY DRIED SOYMILK ANALYSIS DATA 
Missing data is represented by a hyphen (-)• 
Protein: 
Drying date Run Normality Blank Repetition Sample Titration 
(yr. 1994) order HCl (±0.1 ml) (±0.01 g) (±0.1 ml) 
Oct. 4 
Oct. 25 
1 0.1047 0.5 I 1.03 53.3 
2 1.03 50.6 
3 1.03 52.4 
2 0.1047 0.5 1 1.04 52.2 
2 1.06 -
J 1.04 31.4 
1 0.1047 0.1 1 1.00 46.2 
2 1.00 43.6 
J 1.00 44.7 
2 0.1047 0.1 1 1.09 47.7 
2 1.09 51.4 
J 1.07 48.1 
Nov. 1 
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Drying date Run Normality Blank Repetition Sample Titration 
(yr. 1994) order HCl (±0.1 ml) (±0.01 g) (±0.1 ml) 
Nov. 8 1 0.1047 0.2 1 1.00 48.4 
2 LOO 49.4 
3 1.02 42.0 
2 0.1047 02 1 1.03 44.1 
2 1.00 49.4 
3 1.00 50.5 
Nov. 15 1 0.1047 0.2 1 1.03 59.4 
2 1.01 
3 1.03 56.8 
2 0.1047 0.2 1 1.01 80.0 
2 1.01 80.0 
3 1.01 81.2 
Nov. 22 1 - - 1 - -
2 
3 
2 - - 1 - -
2 
J • -
Dec. 6 1 - - 1 - -
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Fat: 
Drying date Run order Repetition Sample Beaker Beaker + Oil 
(yr. 1994) (±0.01 g) (±0.01 g) (±0.01 g) 
Oct. 4 1 1 5.05 67.03 67.62 
2 5.09 68.68 69.33 
n J 5.08 67.77 68.37 
2 1 5.06 69.21 69.90 
2 5.06 66.75 67.41 
3 5.04 66.92 67.60 
Oct. 25 1 1 5.00 68.92 69.79 
2 5.03 64.87 65.77 
J 5.00 67.34 68.20 
2 1 5.02 67.02 67.78 
2 4.97 67.47 68.21 
J 4.99 64.93 65.51 
Nov. 1 1 1 5.05 65.41 65.74 
2 4.99 68.90 69.23 
J 5.00 67.76 68.06 
2 1 5.02 66.24 66.66 
2 5.01 67.21 67.65 








Beaker + Oil 
(±0.01 g) 
Nov. 8 1 1 4.98 66.23 66.96 
2 5.08 67.20 68.17 
J 5.07 64.04 65.03 
2 1 5.03 66.81 67.36 
2 5.00 67.44 68.23 
J 5.03 66.82 67.67 
Nov. 15 1 1 5.04 66.57 66.97 
2 5.03 65.63 66.06 
-> J 5.03 67.65 69.38 
2 1 5.03 64.95 68.54 
2 5.02 68.03 68.65 
J 5.01 67.85 -
Nov. 22 1 1 5.03 66.23 66.88 
2 5.02 64.04 64.73 
J 5.04 63.14 63.83 
2 1 5.06 66.81 67.73 
2 5.08 66.82 67.68 
3 5.00 67.77 68.43 














Run order Repetition Dish 
(±0.01 g) 
Dish + sample 
(±0.01 g) 
Dish + ash 
(±0.01 g) 
Oct 4 1 1 10.15 12.15 10.24 
2 10.27 12.27 10.38 
3 9.59 11.59 9.69 
2 1 9.61 11.62 9.71 
2 22.58 24.58 22.68 
3 14.25 16.23 14.36 
Oct. 25 1 1 9.71 11.77 9.86 
2 14.38 16.38 14.47 
J 22.69 22.69 22.78 
2 I 9.61 11.62 9.71 
2 14.27 16.28 14.37 
3 22.59 24.59 22.69 
Nov. 1 1 1 9.59 11.62 9.71 
2 10.28 12.30 10.39 
J 9.62 11.62 9.74 
2 1 10.16 12.17 10.27 
2 22.59 24.63 22.70 
J 45.69 47.69 45.80 
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Drying date Run order Repetition Dish Dish + sample Dish + ash 
(yr. 1994) (±0.01 g) (±0.01 g) (±0.01 g) 
Nov. 8 1 1 10.23 12.25 10.33 
2 9.94 11.91 10.04 
J 10.17 12.16 10.27 
2 1 10.11 12.11 10.22 
2 14.28 16.28 14.39 
3 64.56 64.55 64.67 
Nov. 15 1 1 10.27 12.27 10.35 
2 10.14 12.14 10.22 
J 9.63 11.63 9.71 
2 1 45.71 47.71 45.80 
2 64.58 66.66 64.67 
J 64.36 66.36 64.45 
Nov. 22 1 1 10.06 12.06 10.22 
2 10.22 12.22 10.34 
n J 10.17 12.18 10.28 
2 1 22.62 24.63 -
2 64.37 66.39 64.45 
3 64.59 66.58 





Run order Repetition Dish 
(±0.01 g) 
Dish -i- sample 
(±0.01 g) 
Dish + ash 
(±0.01 g) 
Oct. 4 1 I 36.50 41.50 41.34 
2 36.60 41.60 41.48 
J 36.80 41.80 41.69 
2 1 36.70. 41.70 41.36 
2 36.90 41.90 41.66 
-> J 36.60 41.60 41.29 
Oct. 25 1 1 36.55 41.55 41.32 
2 36.89 41.89 41.65 
J 36.82 41.82 41.58 
2 1 36.48 41.61 41.42 
2 36.60 41.71 41.53 
J 36.78 41.75 41.59 
Nov. 1 1 1 36.93 41.96 41.83 
2 36.50 41.48 41.35 
J 36.87 41.89 41.75 
2 1 36.64 41.67 41.52 
2 36.79 41.80 41.66 




Run order Repetition Dish 
(±0.01 g) 
Dish + sample 
(±0.01 g) 
Dish + ash 
(±0.01 g) 
Nov. 8 1 1 36.68 41.70 41.49 
2 36.54 41.55 41.31 
3 36.65 41.67 41.45 
2 1 36.51 41.51 41.26 
2 36.77 41.75 41.51 
3 36.64 41.69 41.45 
Nov. 15 1 1 36.64 41.65 41.40 
2 36.85 41.86 41.63 
J 36.66 41.66 41.40 
2 1 36.30 41.33 41.10 
2 36.56 41.56 41.33 
J 36.43 41.42 41.19 
Nov. 22 1 1 36.87 41.88 41.72 
2 36.41 41.40 41.21 
n J 36.85 41.87 41.71 
2 1 36.42 41.43 41.18 
2 36.67 41.67 41.40 
J 36.92 41.93 41.66 
Dec. 6 1 1 _ _ . 
NSI: 
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Drying date Run Normality Blank Repetition Sample Titration 
(yr. 1994) order HCl (±0.1 ml) (±0.01 g) (±0.1 ml) 
Oct. 4 1 0.1047 0.5 1 4.99 3 
2 5.00 5.2 
3 5.00 6.7 
2 0.1047 0.5 1 5.00 7.4 
2 5.00 
3 5.01 
Oct. 25 1 0.1047 0.1 1 4.99 21.6 
2 5.03 21.6 
3 5.00 19.9 
2 0.1047 0.1 1 5.01 13.4 
2 5.01 12.5 
3 5.02 15.4 
Nov. 1 1 - - 1 
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Drying date Run Normality Blank Repetition Sample Titration 
(yr. 1994) order HCl (±0.1 ml) (±0.01 g) (±0.1 ml) 
Nov. 8 1 0.1047 0.2 1 5.04 21.2 
2 5.01 19.3 
3 5.03 19.0 
2 0.1047 0.2 1 5.02 22.6 
2 5.05 23.5 
3 5.02 22.4 
Nov. 15 1 0.1047 0.2 1 5.02 26.8 
2 5.01 26.3 
3 5.02 24.7 
2 0.1047 0.2 1 5.00 19.2 
2 5.01 20.6 
3 5.00 21.0 










Drying date Run order pH Measurement 
(yr. 1994) temperature 
(±0.1 =C) 
Oct. 4 1 6.61 7.8 
2 6.85 28.8 
Oct. 25 1 6.53 5.7 
2 6.90 26.7 




Nov. 8 1 6.88 27.9 
2 6.91 27.6 
Nov. 15 I 6.77 22.6 
2 6.76 22.5 
Nov. 22 1 - -
2 - -





Missing data is represented with a hyphen (-). 
Depth of residue in chamber wall r±0.1 mm'>: 
Drying date Run order Distance from chamber cieling 
15 cm 30 cm 45 cm 60 cm 
Oct. 4 1 3.9 1.1 2.2 0.9 
2 1.5 2.0 0.6 0.0 
Oct. 25 1 12.8 4.9 1.3 0.9 
2 3.0 2.2 0.7 0.0 
Nov. 1 1 0.4 0.7 0.2 0.0 
2 - - - -
Nov. 8 1 4.2 1.6 1.0 0.6 
2 0.9 1.0 0.2 0.0 
Nov. 15 1 0.8 0.8 0.2 0.0 
2 0.9 1.9 1.0 0.6 
Nov. 22 1 0.6 0.6 0.0 0.0 
2 2.6 4.6 5.3 0.8 
Dec. 6 1 0.4 2.4 0.6 0.0 




Missing data is represented by a hyphen (-) and was typically caused by equipment 
downtime or unavailability. 





Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Oct. 4 1 1 16 16.0 19.0 18.0 17.0 17.0 
2 13 16.0 19.5 18.0 15.0 17.0 
J 17 15.0 20.0 19.0 14.0 19.0 
2 1 4 0 0 0 2.0 0 
2 7.5 0 0 0 0 0 
J 10 0 0 0 0 0 
Oct. 25 1 1 - 3.5 3.5 - 1.5 3.0 
2 - 3.5 3.5 - 1.5 2.5 
J - - 4.0 - 2.0 2.5 
2 1 - 11.5 9.0 - 7.0 6.5 
2 - 10.0 7.5 - 6.5 7.0 
J - 10.5 10.0 - 7.0 7.0 
Nov. 1 I 1 - 0 - - 0 0 
2 - 0 - - 0 0 
0 - 0 - - 0 0 
2 1 - 1.0 - - 0 1.0 
2 - 1.0 - - 0 0 





























Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 
1 1 - - 7.0 4.5 3.0 
2 - - 6.0 5.5 3.0 
J - - 6.0 4.5 2.5 
2 1 - - 3.5 3.0 1.5 
2 - - 3.5 3.0 2.0 
-> 
J - - - 3.5 1.5 
1 1 - 2.0 0 1.5 0 
2 - 1.5 0 2.5 0 
3 - 1.5 0 1.5 0 
2 1 - 4.0 3.0 3.0 2.0 
2 - 4.0 2.5 3.0 2.0 
J - 3.5 3.0 3.0 1.0 
1 1 1 0 0 - 0 
2 1.5 0 0 - 0 
J 2 0 0 - 1.0 
2 1 - 0 1.5 - 0.5 
2 - 0 1.0 - 0.5 
-» 
J - 0 1.0 - 0.5 
1 1 - - 1.5 - 0 
2 - - 1.5 1.5 0 
J - - 1.5 1.2 0 
2 1 - - 3.5 4.0 4.0 
2 - - 4.5 4.5 4.0 
o 
J _ 4.0 3.5 2.5 
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Color - tristimulus L Hightness): 





1 1 - 90.44 91.12 90.47 89.92 89.66 
2 - 90.22 91.35 90.61 89.76 89.63 
j 
- 90.19 91.10 90.54 89.89 89.55 
2 1 - 91.37 91.99 91.49 91.19 91.16 
2 - 91.48 91.84 91.55 91.30 91.01 
•-* j - 91.37 92.07 91.54 91.19 90.95 
1 1 90.67 90.73 90.79 90.64 90.22 90.33 
2 90.85 90.71 90.79 90.70 90.19 90.01 
o j 90.72 90.70 90.71 90.66 90.22 89.97 
2 1 91.96 91.52 92.10 91.88 91.36 91.25 
2 91.89 91.54 92.03 91.49 91.31 90.88 
•-> j 91.65 91.82 91.86 92.00 91.31 91.24 
1 1 - 92.41 92.18 92.30 91.20 91.08 
2 - 92.41 92.14 92.55 91.13 91.24 
j 
- 92.34 92.44 92.55 91.35 90.98 
2 1 - 91.56 91.61 91.67 90.55 90.67 
2 - 91.71 91.66 91.73 90.72 90.24 






Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Nov. 8 1 1 90.08 90.42 90.50 90.54 89.41 89.18 
2 90 23 90.34 90.41 90.32 89.49 89.39 
3 89.96 90.41 90.49 90.44 89.52 89.31 
2 1 91.47 92.29 92.40 92.23 91.05 91.21 
2 92.13 92.01 92.35 92.18 91.25 91.14 
J 91.86 92.28 92.24 92.26 91.30 91.05 
Nov. 15 1 1 91.51 91.73 91.94 91.71 90.77 90.74 
2 91.70 91.78 91.98 91.60 90.79 90.74 
J 92.15 91.88 91.83 91.66 90.79 90.68 
2 1 91.84 91.16 91.44 91.30 90.60 90.39 
2 91.48 91.53 91.28 91.20 90.76 90.41 
J 91.72 91.47 91.36 91.05 90.53 90.55 
Nov. 22 1 1 91.18 91.38 91.22 91.22 90.21 90.30 
2 91.19 91.43 91.29 91.20 90.42 90.16 
J 91.36 91.55 91.55 91.34 90.29 90.19 
2 1 90.47 90.84 90.89 90.68 89.95 89.97 
2 90.18 91.16 90.81 91.02 90.09 90.04 
J 90.31 90.97 90.84 90.85 90.02 90.12 
Dec. 6 1 1 91.98 91.96 91.95 92.15 91.23 91.07 
2 91.75 91.84 91.88 92.05 91.00 91.05 
J 92.04 91.93 92.08 92.01 90.93 90.53 
2 1 90.24 90.22 90.40 90.39 89.61 89.38 
2 90.48 90.32 90.59 90.73 89.51 89.05 
90.18 90.58 90.46 90.62 89.31 89.37 
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Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Oct. 4 1 1 - -1.13 -2.40 -0.96 -0.98 -1.24 
2 - -1.11 -2.44 -0.92 -1.00 -1.28 
J - -1.07 -2.41 -1.06 -1.05 -1.25 
2 1 - -1.46 -2.50 -1.11 -1.14 -1.51 
2 - -1.47 -2.70 -1.15 -1.16 -1.54 
3 - -1.38 -2.55 -1.18 -1.13 -1.52 
Oct 25 1 1 -1.13 -1.02 -0.93 -0.92 -1.07 -1.34 
2 -1.11 -0.91 -0.91 -0.91 -1.10 -1.34 
3 -1.16 -1.02 -1.01 -1.03 -1.05 -1.35 
2 1 -1.24 -1.09 -1.04 -1.00 -1.10 -1.33 
2 -1.17 -1.05 -1.02 -0.91 -1.07 -1.23 
-» J -1.08 -1.13 -1.01 -1.11 -1.08 -1.36 
Nov. 1 1 1 - -1.34 -1.27 -1.12 -1.20 -1.52 
2 
-
-1.39 -1.22 -1.31 -1.22 -1.54 
J 
- -1.36 -1.31 -1.16 -1.22 -1.55 
2 1 - -0.65 -0.62 -0.56 -0.48 -0.75 
2 - -0.65 -0.63 -0.60 -0.53 -0.68 






Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Nov. 8 1 1 -0.60 -0.52 -0.45 -0.41 -0.33 -0.54 
2 -0.59 -0.54 -0.51 -0.40 -0.37 -0.54 
3 -0.52 -0.58 -0.57 -0.44 -0.35 -0.53 
2 1 -1.14 -0.96 -1.00 -0.89 -1.00 -1.26 
2 -1.08 -1.03 -0.93 -0.94 -1.06 -1.23 
3 -1.01 -0.96 -0.95 1 o
 
-1.03 -1.21 
Nov. 15 1 1 -1.17 -1.14 -0.95 -1.10 -1.10 -1.34 
2 -1.18 -1.05 -0.98 -1.09 -1.10 -1.37 
J -1.10 -1.16 -1.00 -1.05 -1.10 -1.33 
2 1 -0.58 -0.50 -0.43 -0.48 -0.49 -0.64 
2 -0.50 -0.60 -0.51 -0.43 -0.47 -0.69 
n J -0.61 -0.52 -0.46 -0.46 -0.47 -0.72 
Nov. 22 1 1 -1.28 -1.16 -1.15 -1.15 -1.16 -1.43 
2 -1.15 -1.05 -1.06 -1.08 -1.18 -1.40 
J -1.15 -1.11 -1.21 -1.14 -1.15 -1.40 
2 1 -0.49 -0.56 -0.51 -0.56 -0.53 -0.75 
2 -0.67 -0.61 -0.54 -0.61 -0.57 -0.76 
n J -0.55 -0.65 -0.54 -0.61 -0.55 -0.77 
Dec. 6 1 1 -1.30 -1.29 -1.19 -1.11 -1.20 -1.44 
2 -1.30 -1.23 -1.16 -1.14 -1.16 -1.40 
-> J -1.27 -1.27 -1.21 -1.11 -1.18 -1.26 
2 1 -0.60 -0.62 -0.59 -0.50 -0.47 -0.61 
2 -0.63 -0.53 -0.59 -0.52 -0.47 -0.53 
J -0.59 -0.70 -0.51 -0.58 
o
 1 -0.63 
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Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Oct 4 1 1 - 16.03 16.19 15.81 17.07 17.63 
2 - 16-19 16.09 15.75 17.25 17.69 
3 - 16.43 16.32 15.86 17.21 17.77 
2 1 - 14.86 15.02 14.75 15.87 16.33 
2 - 14.86 15.24 14.77 15.68 16.44 
3 - 14.96 14.98 14.86 15.83 16.24 
Oct. 25 1 1 16.27 16.05 16.11 16.23 17.38 17.50 
2 16.06 16.08 16.01 15.95 17.46 17.36 
J 16.06 16.18 16.21 16.13 17.29 17.55 
2 1 15.15 15.28 14.95 14.87 16.25 16.33 
2 15.04 15.10 14.92 15.20 16.17 16.63 
J 15.47 15.03 15.16 14.80 16.26 16.44 
Nov. 1 1 1 - 14.33 14.32 14.20 15.82 16.17 
2 
-
14.28 14.30 14.20 15.55 16.11 
J - 14.35 14.18 14.16 15.78 16.19 
2 I - 14.07 13.91 13.96 15.23 15.59 
2 - 13.95 13.81 13.75 15.14 15.68 






Rep. Day 1 Day 6 Day 13 Day 20 6 mo. 1 yr. 
Nov. 8 1 1 15.70 15.66 15.51 15.35 16.58 16.96 
2 15.63 15.74 15.48 15.55 16.47 16.94 
J 15.68 15.48 15.35 15.58 16.44 16.86 
2 1 14.40 14.01 14.06 14.07 15.75 15.87 
2 14.04 14.43 13.98 14.07 15.63 16.05 
J 14.50 13.93 14.14 13.89 15.47 16.02 
Nov. 15 1 1 14.32 14.38 14.30 14.27 15.63 16.14 
2 14.29 14.43 14.35 14.37 15.70 16.19 
J 14.41 14.33 14.35 14.31 15.56 16.17 
2 1 14.13 14.13 13.94 13.89 14.97 15.37 
2 14.46 14.00 14.23 13.91 14.97 15.48 
3 14.17 14.01 14.04 14.11 14.94 15.70 
Nov. 22 1 1 14.78 14.74 14.69 14.71 16.36 16.42 
2 14.76 14.75 14.69 14.69 16.16 16.74 
3 14.69 14.65 14.62 14.52 16.32 16.61 
2 1 14.27 14.14 14.06 14.05 15.35 15.65 
2 14.09 13.96 14.06 13.78 15.24 15.86 
J 14.09 14.00 14.13 13.86 15.25 15.78 
Dec. 6 1 1 14.47 14.43 14.22 14.12 15.69 16.12 
2 14.99 14.24 14.65 14.40 15.93 16.29 
J 14.55 14.57 14.43 14.52 15.82 16.56 
2 1 15.01 14.96 14.78 14.81 15.88 16.48 
2 14.89 15.00 14.60 14.44 15.90 16.54 
J 14.90 14.60 14.64 14.52 15.01 16.49 
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APPENDIX X 
ULTRASONIC SIEVING ANALYSIS DATA 
Data in these tables refers to the initial and final weights of the sieves used in the 
analysis. Initial weights are for the empty sieves before sieving. Final weights include the weight 
of the sieve plus the retained portion of the sample. Missing data for the 325 and 400 sieves are 
indicated with a hyphen (-). Some samples did not require the use of these sieves, so no data 
were collected in those instances. 
October 4 - Run #1: 
Screen Repetition 
(mesh) ^ Z 
Initial Final Initial Final Initial Final 
100 35.0133 35.5747 35.0190 35.5016 35.0182 35.6095 
120 33.8489 34.1244 33.8542 34.1923 33.8534 34.2699 
140 33.5128 33.9649 33.5136 33.9415 33.5150 lost 
170 32.9113 35.9116 32.9122 34.8103 32.9124 36.0625 
200 33.5238 36.9166 33.5216 36.6918 33.5230 37.0574 
230 32.7718 33.5308 33.3475 34.0381 32.7722 34.2737 
270 33.3477 34.0910 32.7713 34.0289 33.3480 33.8837 
325 31.8963 32.0666 31.8977 32.0836 31.8981 31.9628 
400 32.6697 32.7723 32.6704 32.8041 32.6689 32.7921 
PAN 215.1768 215.1811 215.2260 215.2385 215.2226 215.2487 
October 4 - Rim #2: 
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Screen Repetition 
(mesh) 2 3 
Initial Final Initial Final Initial Final 
100 35-0037 36.3780 35.0059 36.0625 35.0056 36.0304 
120 33.8389 34.2603 33.8403 34.1838 33.8401 34.1618 
140 33.4980 34.0204 33.4982 33.8787 33.4997 33.9734 
170 32.8972 34.0250 32.8967 33.2787 32.8966 33.1869 
200 33.5055 36.6476 33.5052 36.0871 33.5051 34.9102 
230 32.7562 35.0379 32.7557 34.2828 32.7552 34.5485 
270 33.3315 34.2688 33.3305 34.1007 33.3305 35.5460 
325 31.8819 31.9366 31.8800 32.9330 31.8809 32.4717 
400 32.6536 33.1670 32.6513 33.8700 32.6503 33.9240 
PAN 215.1205 215.2195 215.1235 215.2320 215.1387 215.2907 
October 25 - Run #1: 
Screen Repetition 
(mesh) 2 *^3 
Initial Final Initial Final Initial Final 
Too 35.0072 35.9726 35.0072 36.0185 35.0074 35.7830 
120 33.8434 34.5625 32.8443 34.7733 33.8455 34.4585 
140 33.4977 34.0009 33.4969 34.3623 33.4982 33.8200 
170 32.8959 35.7848 32.8955 35.0894 32.8968 36.1240 
200 33.5043 37.2221 33.5037 37.4426 33.5050 36.6449 
230 32.7552 33.8109 32.7542 33.8460 32.7561 34.1163 
270 33.3305 33.7066 33.3290 33.6883 33.3314 34.0033 
PAN 215.1411 215.2969 215.1440 215.3338 215.1083 215.4543 
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October 25 - Run #2: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 35.0086 36.6453 35.0186 36.3259 35.0141 36.9853 
120 33.8458 34.9934 33.8494 34.6890 33.8474 34.5064 
140 33.4990 34.6643 33.4993 36.1917 33.4987 34.1596 
170 32.9019 33.5701 32.8996 35.2301 32.8972 33.8395 
200 33.5095 36.1905 33.5055 35.0999 33.5051 36.9243 
230 32.7591 34.6239 32.7553 33.8711 32.7548 34.0249 
270 33.3342 34.1592 33.3300 33.8122 33.3288 32.1852 
PAN 215.1104 215.4080 215.1130 215.3656 215.1023 215.7255 
November 1 - Run #1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 34.9598 35.9538 34.9635 35.2397 34.9658 36.3121 
120 33.7964 35.5825 33.8013 35.2276 33.8015 37.0973 
140 33.4449 34.4953 33.4490 34.4324 33.4462 34.7290 
170 32.8450 33.6296 32.8480 34.7666 32.8487 34.4189 
200 33.4505 36.9501 33.4544 35.8274 33.4560 35.0398 
230 32.7014 33.7813 32.7030 33.9317 32.7041 33.4961 
270 33.2749 33.9577 33.2765 33.9735 33.2768 33.5218 
PAN 215.0926 215.6280 215.1123 215.7170 215.1237 215.2842 
November 1 - Run #2: 
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Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 34.9740 36.8490 34.9763 35.7020 34.9771 35.9442 
120 33.8120 35.0208 33.8136 34.1579 33.8126 34.1924 
140 33.4540 34.4711 33.4564 33.8639 33.4606 33.7750 
170 32.8538 34.1991 32.8538 33.0901 32.8554 33.1796 
200 33.4616 35.5183 33.4625 35.8074 33.4629 36.5855 
230 32.7100 34.6771 32.7100 33.4966 32.7113 35.0358 
270 33.2857 34.0251 33.2856 35.7217 33.2860 34.1542 
325 - - 31.8344 32.9164 31.8376 32.2472 
400 - - 32.6021 33.5188 32.6014 33.4431 
PAN 215.1101 215.2651 215.1186 215.5368 215.1250 215.4821 
November 8 - Run #1: 
Screen Repetition 
(mesh) J 2 
Initial Final Initial Final Initial Final 
100 34.9795 35.7012 34.9875 35.5662 34.9850 35.5735 
120 33.8120 34.0588 33.8109 34.1840 33.8120 34.0206 
140 33.4576 33.8089 33.4588 33.8779 33.4555 33.7834 
170 32.8552 33.1431 32.8554 33.1022 32.8561 33.1039 
200 33.4623 35.1694 33.4628 36.0780 33.4634 36.0641 
230 32.7108 36.0504 32.7112 34.1853 32.7100 34.5296 
270 33.2856 34.0338 33.2856 34.3910 33.2850 34.2479 
325 31.8350 33.4866 31.8344 33.2774 31.8331 32.8788 
400 32.6021 33.2570 32.6025 33.7552 32.6000 33.3582 
PAN 215.1297 215.3348 215.1346 215.5799 215.1537 215.4088 
November 8 - Run #2: 
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Screen Repetition 
(mesh) [ 2 3 
Initial Final Initial Final Initial Final 
100 34.9852 36.2331 34.9917 36.1569 34.9986 36.1659 
120 33.8174 34.4766 33.8208 35.0217 33.8193 34.5569 
140 33.4642 33.8638 33.4688 34.8933 33.4630 33.9312 
170 32.8617 33.6547 32.8660 34.7299 32.8616 33.3465 
200 33.4680 372500 33.4701 35.2977 33.4693 35.8020 
230 32.7163 33.8271 32.7170 33.9167 32.7161 34.0829 
270 33.2912 34.1565 33.2925 34.0522 33.2917 34.5829 
325 31.8397 31.9705 31.8418 31.9274 31.8467 33.0055 
400 32.6076 33.1672 32.6080 32.9035 32.6096 33.2946 
PAN 215.1270 215.3967 215.1321 215.2999 215.1393 215.2476 
November 15 - Run #1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 35.0036 36.1460 35.0041 36.0913 35.0086 36.0334 
120 33.8304 34.5419 33.8294 34.3864 33.8306 35.1614 
140 33.4741 34.0166 33.4735 33.8872 33.4756 33.9443 
170 32.8747 34.3466 32.8741 33.5025 32.8754 36.8568 
200 33.4794 36.1253 33.4803 36.7082 33.4790 35.1786 
230 32.7258 34.1921 32.7261 34.4372 32.7252 33.7666 
270 33.3015 34.2840 33.3009 34.1535 33.3011 33.8115 
325 31.8537 32.3410 31.8547 32.5621 
400 32.6200 33.1698 32.6191 33.0415 
PAN 215.1488 215.2979 215.1365 215.2347 215.1321 215.4786 
November 15 - Rnn #2: 
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Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 35.0027 35.9273 35.0149 35.9358 35.0189 35.8166 
120 33.8302 34.4077 33.8313 34.2520 33.8311 34.1693 
140 33.4719 33.6984 33.4725 33.8160 33.4720 333.7298 
170 32.8733 33.6443 32.8734 33.2413 32.8728 33.3616 
200 33.4783 36.6219 33.4779 34.4682 33.4788 36.3452 
230 32.7255 34.2873 32.7249 34.9350 32.7248 34.0171 
270 33.3002 34.5233 33.3006 34.7340 33.3004 34.0351 
325 31.8574 32.7602 31.8581 34.4307 31.8559 33.7739 
400 32.6203 33.1051 32.6203 33.4175 32.6197 33.4196 
PAN 215.1222 215.2175 215.1326 215.3131 215.1315 215.3525 
November 22 - Run #1: 
Screen Repetition 
(mesh) ; 2 ^ 
Initial Final Initial Final Initial Final 
loo 35.0119 36.5158 35.0311 35.9683 34.9930 35.6668 
120 33.8327 34.2206 33.8338 34.2890 33.8235 34.3815 
140 33.4729 33.7582 33.4752 33.8529 33.4637 34.1979 
170 32.8749 33.5295 32.8785 33.8700 32.8654 33.2046 
200 33.4792 37.1126 33.4789 36.2297 33.4669 37.7010 
230 32.7261 33.8535 32.7250 34.9641 32.7136 34.1320 
270 33.3012 34.1571 33.3000 34.2588 33.2887 34.3092 
325 31.8558 32.4896 31.8519 32.2734 31.8416 32.2265 
400 32.6203 33.0631 32.6169 32.8427 32.6055 33.0264 
PAN 215.1396 215.3052 215.1696 215.1997 215.1477 215.5056 
November 22 - Run #2: 
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Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 34.9699 35.6753 34.9734 35.5672 34.9745 35.6285 
120 33.8047 34.1601 33.8066 34.1779 33.8072 34.2238 
140 33.4469 33.8405 33.4482 33.8896 33.4500 33.6949 
170 32.8450 33.1141 32.8466 33.1470 32.8500 33.4057 
200 33.4521 34.7673 33.4545 35.4605 33.4538 36.4008 
230 32.7026 33.6856 32.7038 34.1375 32.7042 34.0756 
270 33.2770 34.9450 33.2784 35.6916 33.2788 33.8756 
325 31.8259 34.5858 31.8257 33.0743 31.8260 33.9415 
400 32.5954 33.7319 32.5954 33.3075 32.5951 33.5866 
PAN 215.1277 215.8070 215.1278 215.5546 215.1408 215.6029 
December 6 - Run #1: 
Screen Repetition 
(mesh) J ^ 2 
Initial Final Initial Final Initial Final 
100 34.9728 36.7306 34.9747 36.2818 34.9800 36.4924 
120 33.8067 34.5770 33.8082 34.9992 33.8090 35.5496 
140 33.4480 33.8509 33.4511 33.8902 33.4506 33.7946 
170 32.8464 33.9314 32.8482 36.3934 32.8486 35.2792 
200 33.4543 37.0824 33.4545 35.4234 33.4553 36.3840 
230 32.7028 33.8589 32.7034 33.6816 32.7036 33.6496 
270 33.2779 33.9149 33.2775 33.8464 33.2778 33.6588 
325 31.8263 32.1092 - - - -
400 32.5950 32.8970 - - - -
PAN 215.1248 215.3053 215.1168 215.5724 215.1360 215.3407 




Initial Final Initial Final Initial Final 
100 34.9814 35.7507 34.9800 35.7124 34.9838 35.6708 
120 33.8095 34.9186 33.8083 34.6881 33.8094 34.2134 
140 33.4498 33.7793 33.4513 34.0446 33.4485 33.7520 
170 32.8468 34.0777 32.8486 34.7661 32.8479 34.3096 
200 33.4536 37.7108 33.4537 35.7530 33.4532 37.7423 
230 32.7035 34.2564 32.7041 34.3893 32.7022 33.9000 
270 33.2764 33.9913 33.2767 34.4016 33.2775 34.0533 
325 - - - - 31.8261 32.1344 
400 - - - - 32.5946 32.9702 
PAN 215.1220 215.4782 215.1170 216.2331 215.1353 215.3048 
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APPENDIX XI 
RO-TAB® SIEVING ANALYSIS DATA USING CAB-O-SBL® 
Data in these tables refers to the initial and final weights of the sieves used in the 
analysis. Initial weights are for the empty sieves before sieving. Final weights include the weight 
of the sieve plus the retained portion of the sample. 
October 4 - Run #1: 
Screen Repetition 
(mesh) j ^ 
Initial Final Initial Final Initial Final 
100 361.07 361.99 361.13 362.07 361.19 362.37 
120 266.89 267.90 266.90 275.79 266.92 267.87 
140 349.53 364.71 349.60 405.30 349.64 406.80 
170 256.47 303.58 256.46 276.09 256.52 260.47 
200 348.24 373.69 348.27 357.48 348.25 38184 
230 254.37 254.66 254.39 254.75 254.40 256.29 
270 342.06 343.40 342.05 343.65 342.05 345.69 
325 248.71 249.45 248.71 249.22 248.72 250.22 
400 244.53 244.86 244.53 244.76 244.50 245.07 
PAN 381.48 381.52 381.50 381.49 381.49 381.78 
October 4 - Run #2: 
292 
Screen Repetition 
(mesh) J ^ 2 
Initial Final Initial Final Initial Final 
100 361.16 364.76 361.24 364.41 361.18 365.85 
120 266.90 267.82 266.95 268.12 266.89 268.46 
140 349.57 388.77 349.67 403.50 349.64 420.00 
170 256.49 258.89 256.46 259.10 256.47 258.81 
200 348.26 395.72 348.27 387.13 348.26 371.01 
230 254.39 256.43 254.42 254..50 254.38 254.50 
270 342.07 347.29 342.09 343.54 342.09 342.80 
325 248.73 251.72 248.72 250.81 248.72 250.28 
400 244.53 245.21 244.53 245.48 244.50 245.14 
PAN 381.46 381.89 381.44 382.88 381.48 381.78 
October 25 - Run #1: 
Screen Repetition 
(mesh) j ^ 2 
Initial Final Initial Final Initial Final 
100 361.21 365.28 361.25 378.79 361.29 395.70 
120 266.90 301.16 266.91 321.26 266.91 314.49 
140 349.63 399.27 349.66 364.02 349.66 356.78 
170 256.47 257.96 256.50 261.12 256.49 263.62 
200 348.27 357.47 348.28 354.28 348.28 352.78 
230 254.41 254.78 254.39 254.60 254.40 254.56 
270 342.07 343.73 342.06 342.91 342.09 342.93 
325 248.72 250.12 248.70 249.35 248.73 249.17 
400 244.54 244.96 244.52 244.83 244.53 244.68 
PAN 381.46 381.67 381.45 381.52 381.46 381.46 
October 25 - Run #2: 
293 
Screen Repetition 
(mesh) j ^ 
Initiai Final Initiai Final Initial Final 
100 361.25 437.00 361.28 363-36 361.26 363.46 
120 266.91 289.90 266.92 288.27 266.90 284.07 
140 349.62 350.03 349.63 350.26 349.61 350.32 
170 256.48 258.73 256.49 257.90 256.47 259.36 
200 348.27 350.55 348.25 352.62 348.24 251.43 
230 254.38 254.53 254.38 254.62 254.38 254.55 
270 342.08 342.63 342.05 342.85 342.07 342.59 
325 248.71 249.05 • 248.71 249.20 248.70 249.04 
400 244.54 244.62 244.52 244.67 244.50 244.58 
PAN 381.45 381.45 381.45 381.45 381.42 381.42 
November 1 - Run #1: 
Screen Repetition 
(mesh) \ 
Initial Final Initial Final Initial Final 
100 361.32 369.54 361.33 369.17 361.30 367.44 
120 266.94 280.03 266.93 279.80 266.91 280.51 
140 349.64 349.96 349.66 350.16 349.60 350.14 
170 256.48 257.29 256.48 258.39 256.47 258.56 
200 348.25 350.61 348.24 350.65 348.25 350.76 
230 254.38 254.53 254.38 254.54 254.38 254.50 
270 342.08 342.47 342.08 342.47 342.04 342.47 
325 248.72 249.99 248.69 249.02 248.70 248.96 
400 244.53 244.61 244.52 244.63 244.51 244.63 
PAN 381.46 381.46 381.43 381.46 381.42 381.48 
November 1 - Run #2: 
294 
Screen Repetition 
(mesh) J 2 ^ 3 
Initial Final Initial Final Initial Final 
100 361.34 362.61 361.31 362.57 361.34 362.06 
120 266.94 267.53 280.90 267.57 266.93 267.33 
140 349.64 350.74 349.62 350.69 349.65 350.71 
170 256.48 257.47 256.46 257.43 256.49 257.40 
200 348.27 365.97 348.25 366.94 348.28 365.73 
230 254.39 254.52 254.36 254.44 254.39 254.48 
270 342.08 342.69 342.07 342.40 342.05 342.79 
325 - 248.70 251.15 248.69 250.47 248.71 251.60 
400 244.49 244.84 244.53 245.01 244.51 245.99 
PAN 381.45 381.76 381.41 381.84 381.43 381.99 
November 8 - Run #1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.07 362.21 361.25 362.27 361.23 362.28 
120 266.85 267.39 266.91 267.20 266.90 267.28 
140 349.51 360.17 349.64 350.75 349.60 350.46 
170 256.35 257.91 256.45 257.39 256.44 257.42 
200 348.10 356.94 348.27 368.56 348.26 367.09 
230 254.26 254.50 254.36 254.42 254.37 254.47 
270 341.88 343.09 342.06 342.33 342.03 342.89 
325 248.59 250.41 248.68 249.46 248.64 250.22 
400 244.40 245.19 244.50 245.20 244.47 245.63 
PAN 381.23 382.08 381.40 381.92 381.39 382.15 
November 8 - Run #2: 
295 
Screen Repetition 
(mesh) 2 3 
Initial Final Initial Final Initial Final 
100 361.24 362.59 361.24 362.61 361.30 362.89 
120 266.86 278.42 266.88 276.90 266.92 277.83 
140 349.59 350.15 349.60 350.31 349.63 350.05 
170 256.45 262.18 256.44 262.82 256.46 263.25 
200 348.26 352.90 348.24 354.42 348.29 352.47 
230 254.34 254.46 254.37 254.47 254.35 254.51 
270 342.04 342.77 342.04 342.32 342.04 342.83 
325 248.69 249.37 248.68 249.30 248.70 249.35 
400 244.49 244.85 244.50 244.95 244.51 244.79 
PAN 381.40 381.54 381.39 381.59 381.43 381.51 
November 15 - Run #1: 
Screen Repetition 
(mesh) J ^ 2 
Initial Final Initial Final Initial Fioal 
100 361.30 361.80 361.30 362.05 361.31 362.07 
120 266.92 275.66 266.91 275.72 266.92 270.69 
140 349.63 350.43 349.63 355.93 349.63 361.72 
170 256.45 264.20 256.48 260.08 256.47 260.88 
200 348.27 354.29 348.28 353.38 348.29 351.44 
230 254.37 254.46 254.39 254.49 254.36 254.48 
270 342.00 342.63 342.05 342.58 342.07 342.68 
325 248.71 249.47 248.70 249.28 248.71 249.44 
400 244.50 244.94 244.51 244.80 244.52 244.94 
PAN 381.39 381.62 381.39 381.55 381.41 381.61 
November 15 - Run #2: 
296 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.32 362.00 361.32 361.93 361.31 362.01 
120 266.91 267.52 266.91 267.44 266.91 267.28 
140 349.63 350.45 349.63 350.33 349.63 350.22 
170 256.48 257.43 256.49 257.37 256.46 257.44 
200 348.29 367.65 348.32 367.09 348.30 368.62 
230 254.32 254.44 254.37 254.47 254.38 254.46 
270 342.05 342.89 342.05 343.47 342.06 343.41 
325 248.68 249.98 248.69 249.76 248.68 249.72 
400 244.51 245.30 244.51 245.61 244.52 245.48 
PAN 381.41 382.01 381.42 382.27 381.41 382.19 
November 22 - Run #I: 
Screen Repetition 
(mesh) j 2 
Initial Final Initial Final Initial Final 
100 361.29 361.81 361.29 361.88 361.35 361.81 
120 266.91 267.68 266.88 267.61 266.96 267.61 
140 349.62 358.35 349.61 353.92 349.73 355.43 
170 256.46 257.80 256.42 257.81 256.48 258.37 
200 348.27 360.23 348.26 365.05 348.28 362.22 
230 254.36 254.51 254.36 254.48 254.48 254.49 
270 342.04 342.52 342.01 342.49 342.10 343.28 
325 248.70 249.98 248.69 249.65 248.68 249.61 
400 244.50 245.22 244.50 245.14 244.54 245.03 
PAN 381.39 381.70 381.39 381.74 381.38 381.64 
November 22 - Run #2: 
297 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.31 361.99 361.29 361.99 361.32 362.07 
120 266.91 267.34 266.88 267.36 266.91 267.45 
140 349.61 350.39 349.60 350.32 349.62 350.43 
170 256.45 257.13 256.43 257.16 256.45 257.17 
200 348.31 367.23 348.29 367.43 348.31 365.38 
230 254.35 254.52 254.35 254.43 254.35 254.52 
270 342.05 342.66 342.06 342.81 342.04 344.16 
325 248.70 250.59 248.69 250.18 248.68 250.73 
400 244.50 245.67 244.50 245.68 244.48 245.58 
PAN 381.38 382.28 381.40 382.35 381.40 382.14 
December 6 - Run #1: 
Screen Repetition 
(mesh) ; 2 3 
Initial Final Initial Final Initial Final 
Too 361.29 362.13 361.38 379.00 361.39 379.78 
120 266.94 267.32 266.98 273.79 266.95 273.16 
140 349.62 350.07 349.66 350.05 349.66 349.86 
170 256.50 257.30 256.49 257.01 256.48 257.19 
200 348.37 364.42 348.30 348.89 348.31 348.70 
230 254.43 254.57 254.35 254.50 254.39 254.44 
270 342.08 345.02 342.06 342.12 342.07 342.14 
325 248.72 250.95 248.74 248.71 248.73 248.70 
400 244.56 245.50 244.60 244.50 244.52 244.48 
PAN 381.41 381.93 381.44 381.40 381.40 381.38 
December 6 - Run #2: 
298 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.40 361.88 361.38 362.01 361.36 361.90 
120 266.95 267.62 267.00 267.46 266.95 267.63 
140 349.66 350.33 349.66 350.45 349.66 350.46 
170 256.47 262.53 256.50 263.84 256.50 263.32 
200 348.34 363.61 348.30 362.01 348.32 363.36 
230 254.40 254.49 254.40 254.41 254.38 254.42 
270 342.08 342.75 342.07 342.32 342.07 342.28 
325 248.73 249.66 248.71 249.52 248.70 349.25 
400 244.51 245.02 244.53 245.21 244.50 245.99 
PAN 381.41 381.87 381.40 382.17 381.38 381.93 
299 
APPENDIX Xn 
RO-TAB® SIEVING ANALYSIS DATA USING ZEOFREE 80® 
Data in these tables refers to the initial and final weights of the sieves used in the 
analysis. Initial weights are for the empty sieves before sieving. Final weights include the weight 
of the sieve plus the retained portion of the sample. 
October 4 - Run #1: 
Screen Repetition 
(mesh) J ^ 
Initial Final Initial Final Initial Final 
100 361.39 361.94 361.40 361.86 361.39 361.95 
120 266.93 267.70 266.96 267.62 266.96 267.67 
140 349.63 350.32 349.68 350.44 349.65 350.24 
170 256.50 272-31 256.50 271.84 256.50 272.09 
200 348.32 351.71 348.31 353.04 348.28 352.09 
230 254.40 255.09 254.38 254.95 254.38 255.12 
270 342.09 344.10 342.05 343.80 342.05 344.13 
325 248.74 250.29 248.72 249.99 248.71 250.08 
400 244.53 245.19 244.52 245.08 244.53 245.13 
PAN 381.42 381.61 381.35 381.52 381.39 381.52 
October 4 - Run #2: 
300 
Screen Repetition 
(mesh) 2 3 
Initial Final Initial Final Initial Final 
100 361.44 362.23 361.42 362.37 361.39 362.20 
120 267.00 267.74 266.98 267.81 267.00 267.87 
140 349.67 350.56 349.66 350.55 349.69 350.67 
170 256.53 262.87 256.50 267.46 256.50 264.10 
200 348.32 356.91 348.31 354.07 348.30 355.02 
230 254.40 255.24 254.36 255.38 254.41 255.39 
270 342.09 345.23 342.08 344.73 342.06 345.90 
325 248.71 252.01 248.71 251.04 248.71 251.96 
400 244.53 245.66 244.53 245.36 244.52 245.49 
PAN 381.41 381.65 381.39 381.56 381.39 381.56 
October 25 - Run #1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.44 362.47 361.45 362.54 361.46 362.72 
120 266.95 273.46 267.00 281.15 267.00 281.88 
140 349.66 350.17 349.69 349.98 349.71 349.89 
170 256.55 265.02 256.53 262.76 256.56 262.46 
200 348.29 353.97 348.35 350.52 348.33 350.08 
230 254.36 255.13 254.41 255.14 254.41 255.15 
270 342.08 343.46 342.09 343.18 342.09 343.08 
325 248.69 249.45 248.74 249.35 248.74 249.37 
400 244.52 244.71 244.56 244.69 244.56 244.71 
PAN 381.39 381.37 381.41 381.46 381.43 381.49 
October 25 - Riin #2: 
301 
Screen Repetition 
(mesh) J ^ 2 
Initial Final Initial Final Initial Final 
100 361.48 379.05 361.52 367.92 361.52 363.75 
120 266.98 270.71 267.01 276.94 266.99 279.24 
140 349.66 349.92 349.70 350.13 349.68 350.12 
170 256.52 260.10 256.54 263.10 256.54 264.20 
200 348.31 348.86 348.32 349.96 348.35 350.00 
230 254.40 254.66 254.42 254.89 254.43 255.06 
270 342.08 342.17 342.10 342.71 342.09 342.75 
325 248.75 248.74 248.75 248.93 248.73 248.99 
400 244.56 244.51 244.56 244.59 244.53 244.60 
PAN 381.43 381.40 381.43 381.46 381.41 381.42 
November 1 - Run #1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.50 372.53 361.50 375.89 361.53 381.03 
120 266.95 273.89 267.00 271.21 267.02 269.94 
140 349.66 350.85 349.66 350.06 349.70 349.99 
170 256.52 261.77 256.50 361.34 256.55 258.87 
200 348.30 349.12 348.32 349.40 348.37 348.71 
230 254.42 254.78 254.41 254.98 254.43 254.88 
270 342.06 342.32 342.07 342.47 342.12 342.38 
325 248.72 248.91 248.72 248.96 248.77 248.97 
400 244.53 244.56 244.55 244.59 244.58 244.61 
PAN 381.40 381.39 381.38 381.3*9 381.43 381.40 
302 
November 1 - Run #2: 
Screen Repetition 
^mesli^  J 2 
Initial Final Initial Final Initial Final 
100 361.48 362.86 361.47 362.69 361.49 362.64 
120. 266.99 281.53 266.96 268.01 267.00 268.76 
140 349.64 349.85 349.67 350.43 349.69 3 50.39 
170 256.56 261.12 256.50 274.67 256.54 272.94 
200 348.32 349.73 348.31 348.76 348.32 348.96 
230 254.39 255.40 254.39 254.86 254.39 254.80 
270 342-07 342.93 342.06 342.92 342.08 342.95 
325 248.71 249.95 248.70 250.46 248.74 250.93 
400 244.53 244.93 244.52 245.43 244.56 245.65 
PAN 381.40 381.53 381.39 381.69 381.42 381.81 
November 8 - Run #1: 
Screen Repetition 
(mesh) j ^ ^ 
Initial Final Initial Final Initial Final 
100 361.47 362.55 361.46 362.45 361.48 362.54 
120 266.99 267.82 266.96 267.76 266.96 267.66 
140 349.67 350.21 349.66 350.24 349.67 350.24 
170 256.53 268.29 256.52 265.30 256.49 267.01 
200 348.35 349.21 348.33 349.71 348.30 349.33 
230 254.40 257.07 254.40 257.42 254.40 256.83 
270 342.10 346.00 342.09 347.31 342.07 346.59 
325 248.70 252.10 248.73 252.81 248.71 252.59 
400 244.56 245.30 244.56 245.41 244.52 245.59 
PAN 381.43 381.63 381.42 381.74 381.38 381.81 
303 
November 8 - Run #2: 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.47 363.42 361.51 365.49 361.51 370.67 
120 266.96 278.08 267.02 279.05 266.97 272.01 
140 349.67 350.12 349.73 350.21 349.66 350.75 
170 256.49 265.18 256.56 262.92 256.51 262.83 
200 34828 349.37 348.36 349.49 348.34 350.39 
230 254.37 255.28 254.44 255.32 254.42 255.42 
270 342.05 343.22 342.17 342.85 342.05 343.13 
325 248.70 249.57 248.76 249.08 248.72 249.19 
400 244.51 244.84 244.56 244.62 244.55 244.67 
PAN 381.38 381.49 381.42 381.41 381.39 381.43 
November 15 - Run # 1: 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.52 363.41 361.56 364.00 361.50 364.46 
120 267.01 276.20 266.99 274.66 266.96 276.89 
140 349.73 351.47 349.70 350.69 349.69 350.59 
170 256.51 266.16 256.55 267.29 256.48 263.41 
200 348.32 349.57 348.35 349.79 348.31 349.55 
230 254.39 255.23 254.41 255.62 254.41 255.43 
270 342.08 342.84 342.10 342.93 342.08 342.73 
325 248.73 249.23 248.73 249.34 248.74 249.21 
400 244.53 244.73 244.54 244.74 244.54 244.68 
PAN 381.40 381.44 381.39 381.43 381.39 381.44 
November 15 - Run #2: 
304 
Screen Repetition 
(mesh) J Z 
Initial Final Initial Final Initial Final 
100 361.51 362.38 361.51 362.14 361.46 362.64 
120 266.98 267.86 267.01 267.80 266.93 270.39 
140 349.70 350.17 349.71 350.01 349.63 350.18 
170 256.51 270.75 256.54 270.78 256.49 267.86 
200 348.32 349.26 348.33 349.08 348.28 349.88 
230 254.40 256.67 254.39 256.84 254.38 256.09 
270 342.10 344.72 342.06 344.88 342.06 344.94 
325 248.71 251.96 248.74 251.91 248.70 251.68 
400 244.55 245.49 244.58 245.48 244.52 245.36 
PAN 381.39 381.67 381.41 381.66 381.38 381.68 
November 22 - Run #1: 
Screen Repetition 
(mesh.) 2 2 3 
Initial Final Initial Final Initial Final 
100 361.49 362.00 361.47 362.03 361.50 361.94 
120 266.99 267.33 266.97 267.64 266.99 267.60 
140 349.66 350.28 349.68 350.14 349.69 358.24 
170 256.55 258.31 256.51 260.30 256.52 260.66 
200 348.33 358.94 348.33 359.13 348.33 357.70 
230 254.40 255.73 254.40 255.73 254.39 255.78 
270 342.09 345.68 342.07 345.29 342.08 345.57 
325 248.72 253.49 248.73 252.74 248.73 252.87 
400 244.52 246.69 244.52 245.74 244.54 246.11 
PAN 381.49 381.76 381.40 381.56 381.40 381.57 
November 22 - Run #2: 
305 
Screen Repetition 
(mesh) J 2 3 
Initial Final Initial Final Initial Final 
100 361.49 362.21 361.51 362.15 361.48 362.14 
120 266.99 267.82 266.94 267.31 267.02 267.51 
140 349.71 350.04 349.70 350.09 349.67 350.03 
170 256.53 267.29 256.23 263.59 256.50 260.45 
200 348.33 350.08 348.32 350.26 348.31 351.58 
230 254.39 257.03 254.40 255.46 254.39 257.37 
270 342.08 345.06 342.09 346.52 342.08 346.20 
325 248.73 253.39 248.75 256.00 248.71 256.17 
400 244.55 245.71 244.56 246.78 244.54 246.94 
PAN 381.38 381.59 381.40 381.97 381.44 381.97 
December 6 - Run #1: 
Screen Repetition 
(mesh) I ^ 2 
Initial Final Initial Final Initial Final 
100 361.36 361.67 361.31 361.54 361.34 361.57 
120 266.93 267.11 266.93 267.16 266.94 267.08 
140 349.67 350.23 349.62 350.07 349.67 350.04 
170 256.46 259.07 256.45 257.31 256.49 257.44 
200 348.36 358.04 348.33 355.73 348.38 354.06 
230 254.39 255.74 254.36 255.31 254.38 255.55 
270 342.03 346.75 342.04 346.84 342.04 347.19 
325 248.70 253.20 248.70 255.14 • 248.70 256.15 
400 244.50 245.64 244.47 247.83 244.52 248.02 
PAN 381.40 381.69 381.39 382.55 381.40 382.41 
December 6 - Riin #2: 
306 
Screen Repetition 
(mesh) j ^ 
Initial Final Initial Final Initial Final 
100 361.34 361.73 361.32 361.65 361.29 361.91 
120 266.94 267.05 266.91 267.10 266.90 267.12 
140 349.68 349.96 349.65 349.91 349.60 350.04 
170 256.50 257.34 256.48 257.34 256.45 257.21 
200 348.33 350.68 348.34 350.46 348.30 349.68 
230 254.37 256.47 254.34 256.14 254.37 255.85 
270 342.06 346.52 342.09 346.40 342.07 347.16 
325 248.71 255.95 248.70 256.16 248.71 258.78 
400 244.52 250.32 244.54 249.96 244.51 248.89 
PAN 381.41 383.67 381.43 384.10 381.42 382.58 
